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ABSTRACT 


This  report  docuinenis  work  carried  out  in  the  Materials  Research  Laboratory  of  the 
Pennsylvania  State  University  over  the  first  year  of  a  new  ONR  sponsored  University 
Research  Initiative  (URI)  entitled  “Materials  for  Adaptive  Structural  Acoustic  Control.”  For 
tliis  report  tlie  activities  have  been  grouped  under  the  following  topic  headings: 

1 .  General  Suniinary  Papers. 

2.  Materials  Studies. 

3.  Cotnposite  Sensors. 

4.  Actuator  Studies. 

5.  lniegratic:i  Issues. 

6.  ProcessitJg  Studies. 

7.  Tliin  Film  Ferroe'ectrics. 

In  material  studies  important  advances  have  been  made  in  the  understanding  of  the 
evaluation  of  relaxor  behavior  in  the  PLZT’s  and  of  the  order  disorder  behavior  in  lead 
scandium  iantalate:lead  titanate  solid  solutions  and  of  the  Morphoiropic  Phase  Boundary  in  this 
system.  For  both  composite  sensors  and  actuators  we  have  continued  to  explore  and  exploit 
the  remarkable  versatility  of  the  flextensional  moonie  type  structure.  Finite  element  (FEA) 
calculations  have  given  a  clear  picture  of  the  lower  order  resonant  modes  and  permitted  the 
evaluation  of  various  end  cap  metals,  cap  geometries  and  load  conditions.  In  actuator  studies 
multilayer  structures  have  been  combined  with  flextensional  moonie  endcaps  to  yield  high 
displacement  (50  p  meter)  compact  structures.  Electrically  controlled  shape  memory  has  been 
demonstrated  in  lead  zirconaie  slannate  titanate  compositions,  and  used  for  controlling  a  simple 
latching  relay.  Detailed  study  of  fatigue  in  polarization  switching  compositions  has 
highlighted  the  important  roles  of  electrodes,  grain  size,  pore  su’uctures  and  inicrocracking  and 
demonstrated  approaches  to  controlling  these  problems.  For  practical  multilayer  actuators  a 
useful  lifetime  prediction  ctui  be  made  from  acoustic  emission  analysis. 

New  modelling  of  2:2  and  1 :3  type  piezoceramic:polymer  composites  has  given  more 
exact  solutions  for  the  stress  distribution  and  good  agreement  with  uitradilatometer 
measurements  of  local  deformations.  Composites  with  1:3  connectivity  using  tiiin  wall  ceramic 
tubes  appear  to  offer  excellent  hydrostatic  sensitivity,  unusual  versatility  for  property  control 
and  the  possiblity  to  use  field  biased  elcctrostrictors  in  high  sensitivity  configurations. 
Processing  approaches  have  continued  to  use  reactive  calcining  and  have  supplied  the  group 
with  the  wide  range  of  ceramics  used  in  these  studies.  For  lead  magnesium  niobate'.Iead 


AIISTkAC'r  (continued) 


titiumte  solid  solutions  t’raiu  size  effects  in  samples  of  commerical  purity  Itave  been  traced  to  a 
thin  (~20  n  meter)  glassy  layer  at  the  grain  boundary.  In  parallel  with  the  ONR  URI  the 
laboratory  has  extensive  DARPA  and  Industry  sponsored  research  on  ferroelectric  thin  films,  a 
very  short  selection  of  most  relevant  papers  has  been  included  for  the  convenience  of  users. 
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ABSTRACT 

The  objective  of  this  article  is  to  present  a  synopsis  of 
recent,  ongoing,  and  future  evolutionary  developments  pertaining 
to  the  fabricatior/processing  of  ferroelectric  materials,  with  an 
emphasis  on  polycrystalline  ceramics.  The  basis  for  the  review 
was  derived  from  relevant  literature  over  the  last  dozen  years, 
including  the  responses  from  a  worldwide  questionnaire.  This 
survey  addressed  issues  such  as  chemical  synthesis  methods  vs. 
conventional  processes  and  anticipated  future  developments  in 
processing  and  their  impact  on  new  applications,  if  any.  The 
survey  participants  were  scientists  and  engineers,  both  academic 
and  industrial,  involved  in  research  and  cevelopment  of 
fenxxlectrics  and  related  materials.  The  primary  conclusion  of  this 
survey  revealed  that  evolutionary  advancements  in  the  processing 
of  ferroelectric  ceramics  will  continue  to  impact  commercial 
production  over  the  next  ten  years. 

I.  INTRODUCTION 

Ferroelectric  and  related  materials  continue  to  be  exploited 
for  numerous  applications,  including  recent  concepts  of  “smart”  or 
intelligent  systems,  whereby  multifunctional  components  are 
required.(*'^>  In  recent  years,  substantial  research  and 
development  has  been  devoted  to  ferroelectric  materials  in  the  form 
of  single  crystals,  polymers,  composites,  and  especially,  thin 
films.  References  are  provided  for  Aese  important  topics,  but  the 
primary  focus  of  this  paper  penains  to  polycrystaliine  materials. 
The  most  widely  used  and  researched  fenoelectric  structural  types, 
compositions,  applications,  and  their  state  of  development  are 
presented  in  Table  1.  Although  the  materials  and  ceramic 
fabrication  methods  for  the  ferroelectric  materials  described  had 
their  origin  decades  ago,  this  paper  attempts  to  review 
evolutionary  advances  in  the  processing  and  fabrication  of 
ferroelectric  ceramics.  The  data  presented  is  based  on  the 
compilation  of  responses  to  a  questionnaire  from  more  than  100 
international  scientists  and  engineers,  of  both  academic  and 
industrial  backgrounds.  In  addition,  recent  processing 
developments  and  novel  fabrication  schemes,  their  future  impact 
on  new  applications,  if  any,  are  discussed. 

11.  MATERIALS  AND  APPLICATIONS 

As  presented  in  Table  I,  the  most  widely  used  ferroelcctrics 
are  found  in  the  perovskite  family  general  formula  ABO3.  which 
includes  hundreds  of  compositional  modifications  (e.g..  solid 
solution  substitutions  and/or  dopants).  In  addition  to  ceramic 
materials,  ferroelectric  polymers,  including  PVF2  and  other  co¬ 
polymers,  are  well  established  in  the  market  place.  Perhaps  the 
most  significant  development  comes  not  from  monolithic  materials 
but  in  the  tailoring  of  physical  properties  using  the  nature  of 
composites.  Through  the  concept  of  phase  connectivityl^-l), 
properties  can  be  engineered  to  give  orders  of  magnitude 
performance  enhancement.  Specifically,  piezoelectric  composites 
are  finding  increasing  use  in  applications  such  as  ultrasonic 
transducers  for  bio-medical  imagingl®'^)  and  towed-array 
hydrophones.^*®) 

The  ability  to  fabricate  known  ferroelectric  materials  in  thtn- 
film  form  offers  applications  .such  as  non-volatile  memories  and 
DRAMs,  both  soon  to  be  commercial  realities.  Furthermore,  thin- 
film  offers  the  potential  of  engineered  crystallographic  technology, 
thus  allowing  the  exploitation  of  non-centrosymmetric  materials 
such  as  ZnO  and  AIN,  which  in  pol  very  stall  ine  form  cannot  be 
titade  piezoeiecirically  active.^ '  ‘*‘2) 


Overall,  however,  in  the  field  of  ferroelectric  pwlycrystalline 
ceramir*-.  No  new  materials  are  foreseen  that  will  provide 
revolutionary  impact  to  new  applications.  Instead, 
evolutionary  advances  in  the  processing  of  ♦'erroclcctric  ceramics 
will  lead  to  improvements  in  existing  commercial  applications  and 
to  a  gradual  implementation  of  existing  materials  in  new 
applications.  For  example,  although  ceramic  materials  such  as 
relaxor  ferroclectrics  have  been  known  for  some  forty  years, 
progress  in  their  commercialization  for  MLC  capacitors  and 
actuators  has  resulted  from  recent  enhancements  in  their 
processing  and  fabrication.l*TI61 


III.  FABRICATION/PROCESSING  OF 

FERROELECTRIC  CERAMICS 

Fabrication  technologies  for  all  electronic  ceramic  materials 
have  the  same  basic  process  steps  as  presented  in  Figure  I. 
regardless  of  the  application:  powder  preparation,  powder 
processing,  green  forming,  and  densification. 

A.  Powder  Preparation 

The  goal  in  the  preparation  of  ferroelectric  powders  is  to 
achieve  a  ceramic  powder  which,  after  consolidation,  yields  a 
product  satisfying  specified  performance  standards.  A  secondary 
goal  is  to  produce  a  powder  that  can  be  consolidated/densified  at 
lower  temperatures.  The  most  important  commercialized  powder 
preparation  methods  for  ferroelectric  ceramics  include: 
mixine/calcination.  c.pprccipimian  from  solvents,  mcial  OlganiC 
decomposition  and  hydrothermal  processing.  The  trend  in  powder 
preparation  is  towards  powders  having  particle  sizes  less  than  1 
pm  and  little  or  no  agglomerates  for  enhanced  reactivity  and 
uniformity.  Such  powder  qualities  allow  for  the  development  of 
fine-grained  microstructures  with  enhanced  mechanical  and 
electrical  properties.  Most  importantly,  fine  particulates  are  critical 
for  the  continuing  miniaturization  of  electro-ceramic  devices. 
Examples  of  the  four  basic  method?  are  presented  in  Table  2  for 
the  preparation  of  BaTiOy  powder.  References  relevant  to 
processing  advancements,  particularly  in  regard  to  multilayer 
capacitor  applications,  including  review  articles! **-^^),  are  given  at 
the  end  of  this  paper. 

Specific  examples  of  significant  developments  in 
mixing! calcination  processes  art  given  for  the  PbO-based  relaxor- 
based  materials  Pb(Mgi/3Nb2/3)03  [PMN]  in  Table  3.  The 
primary  limitation  for  the  developnaent  of  fertxtelcctric  relaxors  has 
been  in  the  consistent  synthesis  of  phase-pure  perovskite  powders 
and  ceramics.  However,  this  problem  has  been  successfully 
addressed  through  an  improved  understanding  of  the  surface 
properties  of  the  constituent  oxides,  crysul  chemistry  of  PMN, 
and  overall  kinetics  of  the  synthesis  reaction.  Specifically,  the  "B- 
site  precursor  method,  whereby  the  B-siie  oxides  are  prercacted  to 
form  a  columbiie  phase,  allows  enhanced  dispersion  and  favors 
formation  of  the  perovskite  phase  in  contrast  to  lead-niobate 
pyroch  lores. 

Note,  many  of  the  advances  in  mixing'calcination  have 
come  through  the  better  understanding  of  process-smicture- 
property  relationships.  For  example,  knowledge  of  the  underlying 
physiochemical  behavior  of  Pb-based  perovslates.  also  including 
pyrochlores  and  Bi-layer  structures,  allows  for  controlled 
morphological  developments  during  calcination  or  "soft 
agglomeration,”  whereupon  high  reactive  materials  can  be  readily 
prepared. 
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rnnrfrinitaiion  is  a  chemical  method  whereby  insoluble 
compounds  (e.g.,  hydroxides  or  oxalates,  etc.)  are  precipitated 
from  a  solution  of  metal  salts  (e.g.,  chlorides),  and  the  precipitated 
product  is  calcined  to  form  the  desired  oxide  powder.  The 
advantage  of  this  technique  over  calcination  of  mixed  oxides  is  that 
intimate  mixing  of  the  precursors  (in  the  solution  phase)  leads  to 
lower  calcination  temperatures  and  the  preparation  of  high-purity 
and  ftne-particle-size  powders,  sec  Table  3.  Limitations  are  that 
the  calcination  step  may  once  again  result  in  agglomeration  of  fine 
particulates  and  the  ne^  for  milling.  An  additional  problem  is  that 
contaminants  from  the  coprecipitation  process  (e.g..  chlorides, 
carbonates,  etc.)  may  linger  in  the  powder  after  calcination.  For 
example,  commercially  available,  high-purity  BaTt03  powder 
prepared  by  the  well-known  oxalate  process,  whereby  a  Ba-Ti 
chloride  solution  is  precipitated  by  oxalic  acid  and  the  resulting 
precipitate  is  calcined.  However,  the  sintering  performance  of 
these  high-purity  BaTiOs  powders  is  hindered  by  the  presence  of 
BaC03.  which  is  formed  during  calcination. 

Metal  ortnnic  decomposition  (MOD),  often  referred  to  as 
sol-gel  processing,  in  which  metal-containing  organic  chemicals 
(e.g.  alkoxides)  react  with  water  in  a  non-aqueous  solvent  to 
produce  a  metal  hvdroxide  or  hydrous  oxide,  or  in  special  cases, 
an  anhydrous  met^  oxide.  Powders  typically  require  calcina^n 
to  obtain  the  desired  phase.  A  major  advantage  of  the  MOD 
method  is  the  control  over  purity  and  stoichiometry  that  can  be 
achieved  with  powder  crystallite  size  on  the  order  of  5-50  nm. 
However,  powder  processing  methods  for  nano-sized  particulates 
have  not  been  developed  to  take  full  advantage  of  such  fine 
powders. 

The  advantage  of  this  technique  over  mixing/calcination  is 
exemplified  by  multilayer  capacitors  fabricated  using  alkoxide- 
derived  rclaxor  based  dielectrics.  Capacitors  produced  with  this 
powder  have  lower  sintering  temperatures  and  submicron  grain 
sizes,  thus  allowing  thinner  layers  and  enhanced  dielectric 
breakdown  strength.  Such  benefits,  however,  are  contrasted  by 
expensive  chemicals  and  processing  methods. 


Hydrothermal  y^nihcnie  uses  hot  (above  lOO'C)  waiet 
under  pressure  to  produce  crystalline  oxides'*'*  and  is  widely  used 
in  the  formation  of  AI2O3  (Bayer  Process).  The  major  advantage 
of  the  hydrothermal  technique  is  that  crystalline  powders  of  ihe 
desired  stoichiometry  and  phases  can  be  prepared  at  temperatures 
significantly  below  those  required  for  calcination.  Another 
advantage  is  that  the  solution  phase  can  be  used  to  keep  the 
particles  separated  and  thus  minimize  agglomeration.  The  major 
limitation  of  hydrothermal  processing  is  the  need  for  the 
feedstocks  to  react  in  a  closed  system  to  maintain  pressure  and 
prevent  boiling  of  the  solution,  currently.  Sakai  Chemical  and 
Cabot  Corporation  offer  commercially  available  BaTiOj-based 
powders,  with  PZT  maienais  from  Morgan  Matroc  in  the  late 
stages  of  developmcnL 

Laboratory  research  has  shown  the  considerable  benefits  of 
hydroihermally-synthesized  powders,  e  g  Ba:Ti  homogeneity, 
lower  sintering  temperatures,  etc.  However,  these  powders 
perform  dramatically  differently  in  post  processing  and  sintenng 
behavior  requiring  further  developments  for  successful 
commercialization.  As  an  example  of  theu  unique  t-havior.  the 
intrinsic  nature  of  OH-bonding  in  hydrothcrmally  denved  BaTiOj 
powders  is  thought  to  greatly  infiuence  densification'*^), 
panicularly  when  accompanied  by  a  Bi203-basc<i  flux,  whereby 
densification  could  be  achieved  at  temperatures  less  than 

800‘C.<**) 

Hybrid  Synthesis 

A  wide  spectrum  of  ferroelectric  ceramic  powders  may  also 
be  produced  by  the  hybrid  process  involving  both  chemical 
synthesis  and  conventional  powder  processing  steps.  For 
example,  promising  results  have  been  reported  for  PZT  ceramics 
derived  from  powders  prepared  from  the  conventional  processing 
of  a  mixture  of  PbO  and  a  hydrothermal  zirconium  titanatc 
precursor. The  use  of  chemical  synthesis  methods  to 


Table  1.  Ferroelectric  Materials  and  ApplicationsO’’^^' 


Structural  Family 

Composition 

Application 

Perovskite 

BaTiOj 

Capaciion 

(Ba.Sr)TiOj 

IR  Detectors 

(Ba.Sr)Ti03  (doped) 

PTCR  Thermisum 

Pb(Zr,Ti)Ot  (PZT) 

Transducen 

Tungslen-Brontc 

Bismoth-Laycr  Structure 
Pcrovsklle-Lujcr  Structure 

Composites 

Polymers 

Miscellaoeous 


Pbaj(Zr.Ti)03 

Ca-doped  PbTiOy 
Sm-doped  PbTiCJj 

Pb(Sc.Ta)03 

(Na.Bi)Ti03 

Pt)(MgJfl))0}  (RelaxofS) 

B»(Zn.Ti)03 
PbNbzOft 
(SfJSa)Nb206 
BUTijOiz.  BijWO# 

SrjNbjOj 

LaiTizCfr 

Bi2(ZnhlihIb)02 

PZT/Polymer 

PVF2.Co-polymen 

LizBaCfr  and  AIPO4  (CrystaU) 
ZnO  films 
AIN  films 


Actualois 

ElecmMjpucs 

Transdxess 

(hydropbenes) 

IR  Detectors 

Tiansducen  (R>-6w) 

Capacitors 

Actuatofs 

Electro-optics 

Microwave  Resonators 
Ttsnsducen  (hydrophones) 
EJectro-optics 

Transducen  (aoceterooKim) 

Transducers 

(high-iemperanire) 

Capacitors 

Transducen 

Transducen 

Tratwhten 

(high-frequency) 


Development  Stage 

Commercotized 

Development'll 

Commerciaiizauon 

Commercializatjon 

Development'll 

Commerciaiizauon 

Developmem/Commercializauon'^-^^* 


Development'^* 

ResearehfW) 

Commercialization*^-* '  • 
Development'*^*** 

Research'**-*** 

Commercialization 

Commercialization 

Reseaich/Devclopmenr'*** 

Commerciaiizauon 

Research***) 

Developmeni'  **  '/Commercialzauon**^  * 
Development*’-*'** 

Development/Commeicializauon'***-*** 

Development 

Commercialized 

Research"'* 


Note:  Developmem  stage  may 


refer » limited  commercial  iniroducooo  specific  10  certain  geographical  regmu. 


uniiornily  distribute  dopants  to  conventionally  prepared  powders 
of  BaTiOj  for  capacitors  is  another  way  to  combine  the 
performance  advantages  of  chemical  synthesis  and  cost 
effectiveness  of  conventional  processing/®') 

B.  Powder  Processing 

A  basic  guideline  of  powder  manufacrunng  is  to  do  as  little 
processing  as  possible  to  achieve  the  targeted  performance 
standards.  Ceramic  powder  fabrication  is  an  iterative  process 
during  which  undesirable  contaminants  and  defects  can  enter  into 
the  materials  at  any  stage.  Therefore,  it  is  best  to  keep  the  powder 
processing  scheme  as  simple  as  possible  to  maintain  flexibility. 
Uncontrollable  factors  such  as  changes  in  characteristics  of  as- 
received  powders  must  be  accommodated  to  achieve 
reproducibility  in  the  processing  from  batch  to  batch  of  material. 
Keeping  the  processing  simple  is  not  always  possible  for 
ferroelectric  ceramics,  based  simply  on  their  complex  nature,  e.g. 
the  need  for  precise  stoichiometry  control  and  dopants. 

A  fundamental  requirement  in  powder  processing  and 
perhaps  key  to  the  continued  performance  enhancement  is 
characterization  of  the  as-recciv^  or  synthesized  powders.!®®) 


Information  on  tap  and  pour  density,  panicle  size  distnbuiion. 
specific  surface  areas,  and  chemical  and  phase  analysis  are  cnncal 
Uniaxial  compaction  behavior,  m  particular,  is  easily  measured 
and  provides  data  on  the  nature  of  the  agglomerates  in  a  powder. 

Milling  is  required  for  most  powders,  either  to  reduce 
particle  size  or  to  aid  in  the  mixing  of  component  powders. 
Commonly  employed  types  of  comminution  include  ball  milling, 
vibratory,  attrition,  and  jet  milling,  each  possessing  its  own 
advantages  and  disadvantages.  For  example,  ball  milling  is  well 
suited  for  mixing,  but  not  for  comminution,  unless  varying  media 
sizes  and  long  milling  times  are  used.  Vibratory  milling  is  well 
suited  for  comminution,  but  extreme  care  in  dispersion/rheological 
behavior  must  be  considered,  whereas  attrition  milling,  though 
very  effective,  is  generally  more  expensive.  Example  of  advances 
in  terms  of  powder  processing  arc  given  in  Table  4.  As  presented, 
attrition  milling  allows  for  the  preparation  of  extremely  fine 
particulates,  generally  are  achievable  by  chemical  synthesis 
methods.  Along  with  the  inffoduction  of  high  performance  milling 
media,  e.g.  partially  stabilized  zirconia  (PSZ),  minimizing 
contamination,  attrition  milling  is  finding  growing  usage  for  the 
processing  of  electronic  ceramics. 


Figure  1.  Schematic  of  iterative  processing  of  ferroelectric  ceramics  and  key  characterization  methods.  “Key 
to  performance  and  reliability  lies  in  the  understanding  of  precursor-process-structure  properly 
relationships.” 


Powder  Synthesis 
'  mixing/calcination 

•  coprecipitation 
metal  organic 

decomposition 

•  hvdrothermal 


Green  Forming 

•  UBiuial  pressing 

•  Isostalic  pressing 

•  Extrusion,  injectioa  moMiog 

•  Multilayering 
Thick  film  screening 


I] 

Characterization 
'  chemical  and  phase  purity 

•  particulate  morphology 

•  size/distribution 

•  agglomeration 

•  surface  area 


a 

dispersability 
impurities 
segregation 
tap  density 
compaction  behavior 


•  microstructure 

•  density,  %  theo 

•  flaw  distribution 

•  interface  reactions 

•  electrical  and  mechanical 

properties 
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•  rheological  behavior 

•  organic  interactions 

•  binder  burnout 

•  green  density 

•  green  strength 


Method 


Table  2.  Methods  Used  to  Prepare  BaTiOy  Electronic  Ceramic  Powders 

Particle  Size 


Reaction 


Mixing/calcinadon  BaCOy  +  T1O2  ^  BaTiOy  +  CO2  T 
Coprecipitation  +  Ti02+  +  2  C2O  ^  BaTi(C204)24H2)  ^ 


H20pH  _ 

Hydroihennal  Ba(OH)2  +  TifOfT ,  +  BaTiOy  IHzO 


1  pm  to  100  pm 


0.5  pm  (after  calcining 
and  milling) 


Nanosizc  to  5  pm 


H  OAT  5.0-50.0  nm, 

'  '  larger) 


Progress  in  understanding  the  surface  chemistry  of 
component  and  reacted  matcriais  has  allowed  the  wide  spread 
usage  of  aqueous  processing  as  well  as  the  ability  to  disperse  fine 
particulates  through  surface  passivation.(67)  with  growing 
-.•nvironmental  concerns  related  to  the  use  and/or  disposal  of 
Hazardous  solvents,  aqueous  processing  will  continue  to  become 
important  in  the  future. 

"With  the  advances  presented  above  and  the  overall  control 
of  incoming  raw  materials,  e.g  morphology,  purity,  etc,,  high 
performance  ceramics  are  generally  achievable  without  the 
implementation  of  expensive  chemical  methodologies,  making  the 
mixing/calcination  process  the  method  of  choice  for  most 
ferroelectric  materials  well  into  the  future,"  However,  continued 
development  of  powder  processing  methods  for  fine-particle  size 
powders  will  allow  future  commercialization  of  chemical  methods 
if  the  cost  of  their  advanced  powders  can  be  reduced 

C.  Oreen  Forming 

Green  forming  is  one  of  the  most  critical  steps  in  the 
fabrication  of  ferroelectric  ceramics.  The  choice  of  green  forming 
technique  depends  on  the  ultimate  geometry  required  for  a  specific 
application.  There  are  many  different  ways  to  form  green  ceraimcs, 
several  of  which  arc  summarized  in  Table  5.  Perhaps,  of  all  the 
methods,  the  most  significant  advances  in  processing  have  been  in 
the  realm  of  multilayer  fabrication,  which  includes: 
piezoelectric/electrostrictive  capacitors  (>50  billion  units/year), 
piezoelectric/electrosirictivc  actuators,  and  varistors,  as  well  as 
several  in  non-ferroelectric  applications  (e.g.  ceramic 

packaging).(®9.70) 

Table  6  summarizes  recent  developments  in  MLC 
fabrication.  Naturally,  the  enhanced  performance  arises  from  the 
corresponding  development  in  binders,  dispersants,  and  overall 
organics  and  their  role  in  sheet  formation.  In  addition,  ultra-thin 
MLCs  have  led  to  the  need  for  correspondingly  thin  metallization. 
Of  particular  significance  in  the  fabrication  of  MLCs  is  that  based  on 


magnetic  tape  fabncaiion  technology,  whereupon  thin  sheets  can  be 
formed  >600  ftVmin.,  while  being  simultaneously  eleciroded.^'l 

Recent  developments  in  the  fabrication  of  piezoelectric- 
polymer  composites,  primarily  for  bio-medical  ultrasound  and 
towed  array  transducers,  are  given  in  Table  7.  In  addition  to 
achieving  fine-scale  composites,  current  emphasis  lies  in  the  ability 
to  economically  fabric.ite  liu^ge  areas  (>meter-square). 

D.  Densificaiion 

Densification  of  ferroelectric  materials  generally  requires 
high  temperature  and  atmosphere  control  (02,  PbO,  vacuum,  etc.)  to 
minimize  the  porosity  in  consolidated  ceramics.  Heat-controlled 
cycles  arc  critical  to  microstructural  development  and  grain  size 
control.  Techniques  such  as  fast  firing  and  rate  controlled  sintenne 
have  been  utilized  to  inhibit  or  eliminate  undesirable  sintering 
mechanisms.  Hot  isostatic  pressing  (HIP),  which  employ<.  n 
gaseous  pressure  at  high  temperature,  has  found  more 
commerci^izadon  in  contrast  to  hot  uniaxial  pressing,  which  is 
limited  to  relatively  simple  shapes.  The  HIP  process  has  been 
shown  to  greatly  enhance  the  dielectric  breakdown  strength  (DBS) 
of  multilayer  ceramics  and  actuators  and  can  be  used  to  prepare 
transparent  matcriais,  including  PLZTs  and  PMN.  Advancements  in 
HIP  processing  of  PbO-based  ferroelcctrics  have  also  been  made 
with  the  introduction  of  oxygen  atmosphere  compaabie  s_,  stems  (see 
Table  8). 

Work  continues  to  find  economical  densification  processes 
by  which  macro-defect  free  ceramics  with  near  theoretical  densities 
can  be  achieved,  allowing  one  to  approach  the  maximum  properties 
allowable  in  ferroelectric  ceramics.  Much  of  the  progress  in  this 
direction,  however,  will  be  made  through  advances  in  the  powder 
synthesis,  processing,  and  forming  methods. 


Table  3.  Advances  in  Synthesis  of  Ferroelectric  Materials 


Advancement 

Material 

Demonstrated  Benefits 

Conventional  (Mixing/Calcination)  Powder  Synthesis 

Pre-reaction  of  B-site  precursors 
(Columbite  method) 

Pb(MgJ<b)03 

Improved  perovskite  phase  purityl^l 

Modification  of  surface  chemistry 
(pH  control)  to  optimize  dispersion 

Pb(Mg.Nb)03 

Improved  perovskite  phase  purity(i^) 

Crystal  chemical  engineering 
(doping  with  BaTiOj,  SrHOs) 

Pb(Zn.Nb)03 

Improved  perovskite  phase  purity<^5,46) 

Reactive  calcination  (optimization 
of  calcination  conditions 

PMN.PZT 

Improved  sintering  reactivity^^^ 

Advanced  Powder  Synthesis  Methods 

Aikoxide  Synthesis 

Pb-based  relaxors 

Fine-paiticle-size  powders^^*’^^) 
Thin-layer  MLCs 

Pechiney  Method 
(Citrate  decomposition) 

BaTi03 

Ba,SrTi033’ZT 

Fme-paiticle-sizc  powders^^-^**^^) 

High  purity 

Oxalate  Coprecipitation 

BaTiOs 

Rne-panicic-size  powders(5334) 

High  purity,  stoichiometry 

Hydrothctmal  Synthesis 

BaTt03,  PZT 

Fine-particlc-size  powders(35,3637,58,59) 
Lower  sintering  temperatures 

Hybrid  Methods 

PbO  +  hydioUictmal  (Zr.TOOa 

PZT 

Improved  compositional  uniformityf®^) 
Fuic  grain  size 

Chemical  methods  for  dopant 
addition  "nanoheterogeneity” 

BaTiOs 

Uniform  dopant  incorporation^^*) 

(X7R  dielectrics) 

Table  4. 


Advances  in  Powder  Processing  IV,  SUMMARY 


Concept 

Benefit 

•  High  energy  mil. 
e.g.  attrition 

Pb0-t-Mg0-t-Nb205-»PMN 

•  Submicron  powders^'*^’^®! 

•  Dispersion^'*) 

•  PSZ  media 

•  Minimal  contamination 

•  Aqueous  processing 

•  Non-toxic  solvent 

•  Low  cost 

•  Surface  powder  chemistry 
understanding 
e.g.  “Passivation  -  BaTiOj" 

•  Rheological  control 
(dispersabiiity) 

The  primary  conclusion  of  this  review  is  that  the  fabncation 
of  ferroelectric  ceramic  matcnals  will  continue  to  see  evolutionary 
advances,  primarily  in  the  areas  of  synthesis  and  processing.  The 
implementation  of  recent  improvements  in  processing  methods  for 
conventional  powders  (e.g.  attntion  milling,  dispersion,  etc.)  w  ill 
extend  the  performance  of  ferroelectric  ceramics.  However,  there 
will  be  a  need  for  advanced  powder  synthesis  methods  and 
associated  handling  and  consolidation  procedures  for  the  high- 
performance  end  of  certain  applications,  e.g.  cryogenic  actuators 
for  space.  Without  revolutionary  advances,  the  primary  focus  of 
development  will  be  on  reducing  cost  of  advanced  powder 
synthesis  methods,  such  as  hydrothermal  synthesis  and 
coprecipitation.  If  these  cost  issues  can  be  addressed,  advanced 
synthesis  methods  will  significantly  enhance  existing  materials 
(e.g.,  BaTi03-based  dielectric  ceramics  and  PZT-based 
piezoelectric  ceramics).  Although  the  discovery  of  new 
ferroelectric  materials  is  not  anticipated,  conbnued  improvements 
in  the  processing  of  emerging  ferroelectric  ceramics,  such  as  PbO- 
based  relaxors.  will  lead  to  their  increased  use  in  existing 
applications  (capacitors  and  actuators),  and  enable  their 
development  for  emerging  applications  (e.g..  E-fteld  tunable 
transducers  for  sonar  and  bio-medical  ultrasound). 


Table  5.  Green  Forming  Procedures  for  Ferroelectric  Ceramics 


Green  Forming 
Method 

Geometries 

Applications 

Uniaxial  Pressing 

Disks,  toroids,  plates 

Disk  capacitors,  piezo  transducers, 
igniters,  inch-worm  acniaiors 

Cold  Isostatic  Pressing 

Complex  and  simple 

High-frequency  ultrasonic 
transducers 

Colloidal  Casnng 

Complex  shapes 

Transducers 

Extrusion 

Thin  sheets  (>80  pm)  rods, 
tubes,  honeycombs,  substrates 

Igniters 

F^C  thermister  heaters 

Injection  Molding 

Complex  shapes 

PZT-composites 

Multilayer  Fabrication 

Thin  sheets/multicomponent 

Capacitors,  actuators 

Varistors 

Table  6.  Advances  in  MLC  Manufacturing 


Advances 

Ultra-thin  MLCs 
•  SlOp 

•  Cap.  Vol.  Eff. 

•  High  energy  storagef^) 
(replace  tantrum  & 
electrolytics) 

Commercialized^  * 

•  S  6p 

Research/Development^^) 

•  Fine  Metallization 

Development's) 

•  High  Speed  Fabrication 

•  Low  cost 
(>600  ft/tnin.) 

Developmental) 

•  Low- Fire 
—  Ag:Pd  electrodes 

•  Low  cost 

Commerciali,.ed 

•  Material/Dielectrics 
—High  K  >5000  X7R 

•  Cap.  Vol.  Eff, 

Dcvelopmentf^^VCommercializcd 

— Relaxors,  e.g.  PMN -based 

•  Cap.  Vol.  Eff. 

Commercialized 

— Varistors  (ZnO) 

•  Surface  Mount  Chip 
Integration 

Commercialized 

— PZTs.  PMN 

•  Actuators 

Commercialized 

V.  SURVEY  RESULTS 

Prior  to  conducting  this  review,  a  worldwide  survey  was 
conducted  of  scientists  and  engineers  involved  in  ferroelectric 
materials  research,  from  both  academic  and  industrial 
organizations.  This  survey  addressed  significant  recent  and 
anticipated  developments  of  ferroelectric  materials,  and  the 
question  of  whether  conventional  fabrication  methods  for 
ferroelectric  materials  will  be  sufficient  for  future  applications 
requirements.  Responses  were  categorized  by  geographical  region 
(North  America,  Europe,  and  the  Far  East).  Results  of  this  survey 
arc  summarized  below; 

•  The  field  of  ferroelectric  films,  although  outside  the  scope  of 
this  review,  was  recognized  as  an  area  where  significant 
recent  developments  were  achieved,  and  where  an  even 
larger  number  of  future  developments  and  applications  were 
anticipated.  The  importance  of  ferroelectric  films  was 
recognized  by  the  largest  percentage  of  respondents, 
regardless  of  geographic^  region. 

•  Multilayer  ceramics,  both  actuators  and  capacitors,  were 
identified  as  an  application  area  where  significant  recent 
developments,  particularly  in  terms  of  ultra-thin  layers  and 
the  incorporation  of  relaxor  ferroelectrics.  have  been  made, 
especially  by  respondents  from  the  Far  East 

•  Advances  in  conventional  processing  was  cited  as  an  area  of 
significant  recent  achievement,  although  there  was  little 
confidence  that  conventional  processing  would  see  additional 
advances  in  the  future.  Chemical  synthesis  of  ceramic 
powders,  by  sol-gel  and  coprecipitation  methods,  was 
recognized  as  important  to  future  development  of  existing 
and  emerging  applications,  but  strives  must  be  made  to 
achieve  economical  feasibility,  perhaps  being  achievable 
through  combined  methodologies,  i.e.  hybrid  processes. 


•  Areas  identified  as  seeing  significant  recent  developmenis 
included  hot-pressing  and  HIP  techniques  and  piezoelectnc 
composites,  whereas  research  topics  identified  as  imponant 
to  future  applications  include  thick  film  processing  for 
multicomponent  packaging,  assembl;  ’e  of  nano-composites 
for  electro-optics  and  ferro-fluids.  relaxor  ferroclectncs, 
smart  materials,  and  optoelectronic  materials. 
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Table  7.  Advances  in  the  Fabrication  of  PiezoPolymer  Composites 


Advances  Benefits 


Extrusion 

SlOO  micron  PZT  rods 

210  micron 

Dcvelopmeni<77) 

Rcsearch(7*) 

Pick  and  Place  (Weaving) 

Large  Area  (>  meter-squared) 

Development^^) 

Lost  Mould  Method 

10  p '100  scale 

Devclopmcnt(*)'82) 

Injection  Molding 

Low  cost 

Developmentf*^) 

Fill  and  Dice 

Simplistic 

Contmerdalized 

Advance.s 


Table  8.  Advances  in  the  Densification  of  Ferroelectric  Materials 


evelopment  Stage 


•  Ffressurelcss  sintering 

•  Transparent  PLZT 

Development!  •*^) 

— Vacuum/atmospheie  control 
— Rate-controlled  densification 

•  Lower  Firing  Temp  PZTs 

Research!**) 

•  Hot  uniaxial  pressing  (HUP) 

•  PZTs  (pyroelectric  -10  p  wafen 

•  Transparent  PMN,  SBN, 

Commcicialized 

Research!*^-**) 

•  Hot  isostatic  pressing  (HIP) 

•  Complex  shapes 

•  Mul^ayercapaciton 
—  fatigue  reduction 

•  Multilayer  actuators 

•  Transparent  PMN,  PLZT 

Rescarch/Developmcnt!*^'!’  ■) 

Commercialized!**’*!) 

•  Hot  forging 

*  Grain  orientation 
e.g.  Bi4‘n30|2 

Rescarch<2*'37.92) 

•  Mixed  sintering 

•  Flat  tT.CC.  MLCs 

Rcscarch!*^-*^) 

•  Ruxes  (liquid  phase) 
e.g.  lithium  oxide  &  fluorides 

•  Low  firing  temps 

Rcsearch/Dcvelopment!*5.96) 

^Temperature  coefficient  of  capacitors. 
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The  hydrothermal  crystallization  kinetics  for  the  perovskite  PbTiO,  have  been  investigated  under  autogenous  conditions  at 
temperatures  in  the  range  of  225-25()°C  and  feedstock  concentrations  of  O.l-I  0  M  At  these  temperatures,  crystalline  perovskite 
particles  were  obtained  in  approximately  4-7  h  Transmission  electron  microscopy  (TEMI  of  the  product  oxides  showed  nanometer 
sized  crystallites  with  an  elongated  morphology.  The  crystallization  kinetics  were  monitored  using  X-ray  powder  diffraction  on 
samples  extracted  from  the  reaction  mixture  at  various  times.  The  crystallization  rate  data  were  analyzed  according  to  a  generalized 
solid-state  kinetic  treatment  which,  along  with  microstructural  evidence,  suggest  that  the  PbTiO,  formation  reaction  proceeds  via  a 
dissolution-recrystallization  mechanism.  It  is  proposed  that  the  precursor  amorphous  hydrous  oxides  of  lead  and  titanium  dissolve 
and  recrysiallize  to  form  the  perovskite  phase.  The  relative  rales  of  dissolution  and  recrystallization  were  found  to  be  strongly 
teiiiperalure  dependent  within  the  range  examined.  At  all  temperatures,  the  recrystallization  kinetics  .appeared  to  obey  a 
zero-order  rale  law.  An  apparent  activation  energy  of  7,2  kcal/mol  was  estimated  for  the  hydrothermal  PbTiO,  formation  reaction 


1.  Introduction 

Hydrothermal  panicle  syiitltcsis  involves  the 
treatment  of  aqueous  solutions  or  suspensions  of 
precursor  particles  at  elevated  temperatures  and 
pressures.  The  reactions  occurring  in  hydrother- 
mally  treated  solutions  of  inorganic  compounds 
can  produce  fine,  high  purity,  and  homogeneous 
particles  of  single  and  multicomponent  metal  ox¬ 
ides  under  the  appropriate  conditions  [1-8].  Fur¬ 
thermore.  particle  sizes  from  nanometer  to  cen¬ 
timeter  ranges  can  be  synthesized  depending  on 
the  configuration  of  the  hydrothermal  equipment. 
However,  the  reaction  sequences  in  hydrothermal 
systems  are  complex,  and  at  the  present  time 
there  is  scant  information  regarding  the  reaction 
kinetics  and  underlying  mechanisms  [9],  Hy¬ 
drothermal  reactions  are  analogous  to  solid-state 

'  Currently  with  IBM  Fishkill.  Hopewell  Junction,  New  York 
I253.T  USA. 

’  Currently  with  Material  Science  and  Engineering.  Univer¬ 
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reactions,  but  with  correspondingly  enhanced  dif¬ 
fusion  rates  [9],  The  reaction  mechanisms  and 
sequences  that  can  lead  to  crystalline  particle 
formation  therefore  include  dissolution  or  trans¬ 
formation  of  any  solid  precursor  phase(s).  diffu¬ 
sion  in  solution,  adsorption  at  the  solid-liquid 
interface,  surface  diffusion,  incorporation  of  so¬ 
lute  material  into  the  lattice,  and  crystal  growth 
steps  [8-12],  Unfortunately,  the  relatively  high 
temperatures  and  pressures  for  hydrothermal 
syntheses  (e.g.,  100-500°C  and  0.1-14  MPa,  re¬ 
spectively)  prohibit  in  most  cases  the  use  of  in-situ 
systems  to  monitor  the  course  of  the  reactions 
leading  to  product  particle  formation.  Conse¬ 
quently,  meaningful  data  relating  to  particle  for¬ 
mation  can  at  present  often  be  obtained  only  by 
studying  the  solid-state  nature  of  the  reaction. 

In  the  present  work,  we  have  evaluated  the 
hydrothermal  formation  of  the  binary  lead  tita¬ 
nium  oxide,  PbTiOj.  The  solution  speciation  and 
phase  equilibria  for  this  relatively  complex,  but 
technologically  important,  system  have  not  been 
studied.  However,  there  have  been  several  studies 
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verifying  that  lead  titanatc  is  the  stable  com¬ 
pound  under  a  wide  range  of  hydrothermal  reac¬ 
tion  temperatures  and  pressures  [2-8].  Further¬ 
more,  studies  that  preceded  the  work  currently 
being  reported  have  demonstrated  that  a  range 
from  pH  y  to  pH  10  is  suitable  to  produce  stoi¬ 
chiometric  PbTiO,  with  the  perovskite  crystal 
structure  [6].  The  objective  of  this  study  was  to 
obtain  kinetic  data  on  this  system  to  better  un¬ 
derstand  the  particle'  formation  mechanisms  for 
the  complex  binary  oxides  and,  in  particular,  the 
perovskile  family  of  materials. 


2.  Materials  and  methods 

The  hydrothermal  synthesis  of  particulate  lead 
titanate  employed  a  solution  crystallization  proc¬ 
ess  carried  out  at  relatively  modest  temperatures 
and  pressures  (225-250X  and  1.38-5.17  MPa, 
respectively)  [6].  The  preparation  of  the  feedstock 
materials  was  conducted  according  to  the 
flowchart  shown  in  fig.  1.  Experiments  were  per¬ 
formed  in  a  1  liter  316  stainless  steel  autoclave 
cc]uipped  with  a  magnetically  driven  stirring  unit 
(Model  4521,  Parr  Instruments  Co.,  Moline,  IL). 


t-ig.  1.  FUn*  chan  i«r  itic  hyUmtherniat  synllicsis  of  PbTiO,  designed  Ui  collect  crystaltizalion  data  as  a  function  of  time. 
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Samples  of  ml  size  were  extracted  under 
isothermal  conditions  at  various  times  during  the 
crystallization  process.  The  extraction  of  these 
relatively  small  samples  was  accompanied  by  min¬ 
imal  reactor  pressure  losses  ( ~  0.014-0,034  MPa). 
The  solid  portion  was  immediately  .separated  from 
the  extracted  suspensions  by  filtration  and/or 
centrifugation  depending  on  particle  size.  The 
strlids  were  then  washed  with  deionized  water 
whose  pH  had  been  previously  adjusted  to  pH  9.5 
with  ammonium  hydroxide,  filtered  again,  andair 
dried  at  room  temperature.  It  was  observed  in 
preliminary  studies  that  washing  the  powders  with 
a  solution  near  the  pH  for  the  minimum  solubility 
of  lead  oxide  and  lead  titanate  was  nece.ssary  to 
limit  incongruent  dissolution  of  the  lead  from  the 
hydrothermally  treated  powders.  X-ray  powder 
diffraction  patterns  for  the  extracted  samples 
were  obtained  using  an  automated  diffractometer 
employing  Cu  Ka  radiation.  The  degree  of  crys¬ 
tallinity  of  the  solids  was  assessed  by  integrated 
intensity  analysis  of  the  (101)  reflection  (13). 
Bright  field  transmission  electron  micrographs 
(  I'EM)  were  obtained  on  selected  samples  and 
used  to  estimate  the  mean  particle  size.  The 
surface  areas  of  the  powders  were  determined  by 
an  automated  nitrogen  adsorption  technique 
(Monosorb,  Ouantachrome  Corp.,  Syosset,  NY). 


3.  Results  and  discussion 

3. 1.  Materials  characterization 


tai 


DEGREES  20 

Fig,  2.  Examples  o(  X-ray  diffraction  palierns  showing  the 
typical  change  in  crystallinity  as  a  function  of  reaction  time  for 
hydrothermally  treated  PhTiO,  Data  are  for  0  feedstock 
hydrothermally  treated  al  225°C  for  1)  lime  (O'r  crystallinity), 
and  ,37,6%,  80  4%,  and  100%  crystallinity. 


Typical  X-ray  powder  diffraction  patterns  for 
the  PbTiO,  crystallization  sequence  as  a  function 
of  hydrothermal  reaction  time  arc  shown  in  fig.  2 
for  samples  f’’’  m  a  0.33  molar  feedstock  solution 
at  225°C.  As  shown  in  the  figure,  the  starling 
feedstocks  were  amorphous  and  became  increas¬ 
ingly  crystalline  with  time.  Under  these  condi¬ 
tions,  no  change  in  crystallinity  was  detected  by 
X-ray  diffraction  after  hydrothermal  treatment 
for  ~  7  h.  TEM  micrographs  corresponding  to 
these  samples  are  shown  in  fig.  3.  The  amorphous 
feedstock  particles  were  20  nm  in  diameter, 
equiaxed,  and  could  be  clearly  distinguished  frorf 
the  product  PbTiO,  particles,  which  crystallized 


with  a  relatively  uniform,  acicular  morphology 
The  influence  of  feedstock  concentration  on  par¬ 
ticle  size  and  surface  area  for  the  PbTiO,  crystal¬ 
lized  at  225'’C  is  shown  in  table  1.  Particle  size 
increases  with  feedstock  concentration  as  judged 
by  direct  observation  from  the  TEM  micrographs 
and  specific  surface  area  measurements. 

3.2.  Crystallization  kinetics 

Ihe  kinetics  of  PbTiO,  crystallization  from  a 
0.33  molar  feedstock  suspension  are  shown  at 
three  temperatures  in  fig.  4.  Qualitatively,  the 
crystallization  process  may  be  divided  into  three 
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Fig.  3.  Examples  of  liansmission  electron  micrographs  of  some  typical  particle  samples  extracted  from  9  0.3.'M  fceustiKk  at  ^25  v 
u'i  a  function  of  reaction  time;  fa)  (Kr,  (h)  M  U^r,  (c)  .  and  (d)  cryst allmils 


distinct  kinetic  regimes.  At  relatively  short  reac¬ 
tion  times  there  is  a  temperature-dependent  in¬ 
duction  time  with  no  measurable  crystallization 
laKing  place,  followed  by  an  initial  period  of 
rapid  crystallization  at  intermediate  times,  and. 

Table  1 

Cry’^iallile  and  specific  surface  areas  for  the  PbTiO, 
particles  hydrothermally  synthesized  at  22S'C  to  inn'T  crys¬ 
tallinity  as  a  function  of  feedstock  concentration 


last,  a  second  period  of  crystallization  at  a  lower 
rate  than  during  the  intermediate  regime.  The 
transition  between  the  two  periods  of  crystalliza- 
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tion  occurred  at  approximately  30-40%  crys¬ 
tallinity  for  all  temperatures. 

In  order  to  gain  further  insight  into  the  factors 
controlling  the  hydrothermal  formation  of  crys¬ 
talline  PbTiO,,  the  rate  data  in  fig.  4  were  ana¬ 
lyzed  according  to  the  generalized  solid-state  ki¬ 
netic  treatment  of  Hancock  and  Sharp  [14].  This 
method  was  originally  applied  to  isothermal 
solid-state  transformations  such  as  the  dehydro.x- 
ylation  of  brucite  [14]  and  has  also  been  success¬ 
fully  applied  to  more  complex  heterogeneous  re¬ 
action  sequences  in  both  oxide  [15]  and  non-oxide 
[16]  .systems.  Care  must  be  exercised,  however,  to 
ensure  that  a  literal  interpretation  is  not  assigned 
to  the  rate  constants  or  rate  laws  determined  in 
this  way  from  the  simple  regression  analyses. 
Even  when  precise  statistical  data  sets  are  avail¬ 
able,  best-fit  rate  constants  obtained  f.om  regres¬ 
sion  analyses  can  be  substantially  in  error  [17]. 
Despite  these  reservations,  careful  application  of 
simple  kinetic  treatments  is  often  helpful  in  de¬ 
veloping  a  qualitative  understanding  of  the  domi¬ 
nant  processes  in  complex  solid-state  reaction 
systems,  particularly  when  corroborated  by  mi- 
CTOsiructural  evidence  and  other  data. 

Recognizing  these  limitations,  and  considering 
only  the  solid-state  nature  of  the  transformation, 
a  kinetic  analysis  was  applied  based  on  the  John- 
son-Mchl-Avrami  equation  [18,19]: 

/=  I  -  exp( -r/"'),  (1) 

or.  in  linear  form. 

-  In  ln{  1 -/)  =  ln(/-) -t- /(I  ln(r ).  (2) 


where  /  is  the  fraction  crystallized  isothermally 
at  time  /.  r  is  a  constant  that  partially  depends 
on  nucleation  frequency  and  rate  of  grain  growth, 
and  m  is  a  constant  that  varies  with  the  system 
geometry.  Hancock  and  Sharp  have  shown  that 
for  reactions  obeying  a  single  theoretical  rate 
expression,  plots  of  -In  ln(l  -/)  against  ln(/) 
over  /=  l).15-0.5(J  yield  approximately  straight 
lines  with  slopes  m  having  a  value  falling  within  a 
range  characteristic  of  three  di,s(inct  reaction 
mechanisms.  When  m  =  0.54-0.62,  a  diffusion 
controlled  mechanism  is  indicated,  while  a  zero- 
order.  first-order,  or  phase  boundary  controlled 
mechani.sm  is  indicated  for  m=  1.0-1.24.  A 
mechanism  involving  nucleation  and  growth  con¬ 
trol  is  indicated  when  m  =  2.0-3.0.  Values  of  m 
lying  outside  the  specified  ranges  have  no  obvious 
mechanistic  interpretation,  but  can  sometimes  be 
indicative  of  competing  processes  [14].  The  vari¬ 
ous  standard  solid-state  reaction  rate  equations 
and  associated  values  of  m  are  summarized  in 
table  2.  It  is  not  possible  to  distinguish  the  most 
appropriate  rale  iaw  within  a  given  group  solely 
on  the  basis  of  the  value  of  m.  Instead,  the 
indh'idual  rate  laws  must  be  tested  and  compared 
over  the  complete  conversion  range  [20). 

In  fig.  5.  plots  of  -In  ln(l  -/)  against  ln(r) 
over  /  =  0.15-0.50  for  the  data  in  fig.  4  are  pre¬ 
sented.  For  PbTiO,  crystallization  at  225  and 
235°C,  it  is  shown  in  figs.  5a  and  5b  that  the 
kinetics  are  described  by  a  two-stage  rate  law.  In 
each  case,  the  kinetics  of  the  first  stage  are  char¬ 
acterized  by  a  large  m  exponent  (m  >  5)  followed 
by  a  sharp  transition  at  /  =  0.3-0.4  to  a  second 


T,ihle  2 

S<ilici-sl,ilc  rcaclion  rate  equaliuns  Ifrom  ref.  114|) 


Funclion 

Implied  mechanism 

Equation 

m 

/),(/) 

Diffusion  controlled 

/--*/ 

0.62 

0,1/) 

Dirfusit^n  c<intro)leil 

tl-/>ln(l- f)+  f-kt 

0.S7 

njf) 

Difltision  conirollcd 

II -d 

0..54 

njf) 

Diffusion  conirollcd 

l-2//3-(l 

0.57 

ijf) 

First  order 

-Ind -/>•=*/ 

1.00 

ftAf) 

Phase  boundary 

l-d -/)''*-*/ 

111 

«,(/) 

Phase  boundary 

1 

1.07 

Z,if) 

Zero  order 

f  kt 

t  24 

AAf) 

Nucleation  and  growth 

1-lnd -/)!'''’ -*r 

2.00 

Nucleation  and  growth 

l-lnd-/)!'''’”*! 

3.00 
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Kig.  5,  Plots  based  on  the  Johnson-Melil-Avranii  analyses  of 
the  kinetic  data  from  fig.  4. 


Stage  characterized  by  an  m  value  close  to  unity. 
The  m  exponent  for  the  first  stage  decreases 
rapidly  with  increasing  temperature,  so  that  for 
crystallization  at  25(rC,  the  first  stage  is  not  obvi¬ 
ous  and  the  kinetics  may  apparently  be  described 
in  terms  of  a  single  rate  law,  as  shown  in  fig.  5c. 

In  figs.  5a  and  5b,  the  ni  exponent  of  the  first 
stage  (w  =  8.83  and  5.11,  respectively)  reflects 
the  initial  period  of  rapid  crystallization  in  the 
early  portions  of  the  corresponding  curves  of  fig. 
4.  Comparison  of  these  m  exponents  with  the 
theoretical  values  presented  in  table  2  shows  that 
the  kinetics  of  the  initial  stage  of  crystallization 


cannot  be  simply  described  by  any  of  the  ten 
standard  solid-state  reaction  rate  equations. 

On  the  other  hand,  the  m  exponent  of  the 
second-stage  crystallization  in  figs.  5a  and  5b. 
along  with  the  single  m  value  of  fig.  5c  (m  =  1.22, 
0.80,  and  1.00,  respectively),  suggest  a  reaction 
mechanism  best  described  in  terns  of  zero-order, 
first-order,  or  phase  boundary  controlled  rate  ex¬ 
pressions.  Consequently,  the  rate  expressions  for 
zero-order,  first-order  and  phase  boundary  ctin- 
trolled  mechanisms  were  tested  over  the  second- 
stage  crystallization  ranges  indicated  by  the  m 
values  of  fig.  5.  The  first-order  and  phase  bound¬ 
ary  controlled  rate  equations  gave  poor  fits  of  the 
raw  kinetic  data  when  continued  to  complete 
crystallization  (/=i.0).  In  accordance  with  a 
zero-order  rate  law.  however,  fig.  4  shows  that 
the  second-stage  ( f  >  0..3-n.4)  plots  of  f  against  t 
for  I’bTiOy  crystallization  at  225  and  23.5°C  arc  in 
fact  linear.  Tig.  4  indicates  that  the  PhTiO,  crys- 
lalli/alion  kinetics  al  25irr  arc  also  linear  for 
/  0  I  0  t  I  tM'i  till'  ■.!•,  I  ilti'il  I  n  ■anlli  ■iilioit 

laiigcs.  theieloic,  the  zcio-oidei  latc  cxpicssiun 
is  most  appropriate  to  describe  the  apparent  crys¬ 
tallization  kinetics.  In  fig.  4.  the  slight  nonlinear¬ 
ity  in  the  crystallization  kinetics  at  250''C  lor 
/  <  0.3-0  4  is  contrary  to  the  expectation  from  fig. 
5c  that  only  a  single  rate  expression  should  be 
obeyed.  However,  it  is  likely  that  the  crystalliza¬ 
tion  kinetics  at  250°C  al.so  conform  to  a  two-stage 
rate  law,  but  that  first-stage  crystallization  was 
not  detected  due  to  the  rapid  initial  rates  at  the 
higher  temperature. 

An  Arrhenius  plot  for  the  hydrothermal 
PbTiO,  formation  reaction  is  given  in  fig.  6. 
Using  a  method  similar  to  that  of  Culfaz  and 
Sand  [211,  *he  values  plotted  along  the  ordinate  in 
fig.  6  represent  the  instantaneous  rate  deter¬ 
mined  at  50%  crystallinity.  This  method  was  cho¬ 
sen  because  it  makes  no  assumption  regarding 
the  underlying  reaction  mechanisms  and  associ¬ 
ated  rate  laws.  Even  in  the  crystallization  regime 
where  the  reaction  is  apparently  isokinetic  (i.e., 
/  >  0.4),  the  rale  data  were  used  in  preference  to 
rate  constants  in  constructing  the  plot  because 
the  error  in  the  zero-order  fits,  as  well  as  the 
extent  to  which  the  initial  rapid  crystallization  at 
various  temperatures  affects  the  subsequent 
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1/T  X  1000  (1/K) 

Fig.  6.  Arrheniu';  plol  for  Ihe  hydrolhorniall!.  crystallized 
PbTiOv  The  apparent  activation  energy  for  hydrothermal 
crystallization  of  PhTK),  from  the  plol  is  7  2  kcal/mol. 


zero-order  rate,  is  uncertain.  The  apparent  acti¬ 
vation  energy  obtained  in  this  way  is  7.2  kcal/mol. 

Medianislic  intcijnctation 

The  microstructural  and  kinetic  data  pre¬ 
sented  above  provide  some  in.sighl  into  the  mech¬ 
anism  of  tlic  hydrothermal  formation  of  crys¬ 
talline  I’bTiO,.  Based  on  the  microstructural  data 
of  fig.  3,  a  mechanism  involving  a  liquid  as.sisted 
solid-state  transformation  [22-24]  is  deemed  un¬ 
likely.  The  crystalline  material  in  the  micrographs 
of  !‘ig.  3  docs  not  appear  tt)  have  grown  out  of 
the  amorphous  precursor.  Furthermore,  at  no 
stage  in  the  crystallization  is  there  any  evidence 
of  partially  or  poorly  crystalline  material,  as  would 
be  expected  during  the  progress  of  a  solid-state 
transformation.  Similarly,  the  morphologies  of  the 
particles  in  the  micrographs  of  fig.  3  would  not  be 
expected  for  a  material  precipitated  via  a  classical 
nucication  and  growth  mechanism  [11,12].  The 
particles  arc  seen  to  be  nearly  the  same  size  with 
similar  acicular  morphologies.  A  larger  size  distri¬ 
bution  is  expected  if  particles  are  precipitated 
from  a  heterogeneous,  locally  supersaturated  so¬ 
lution  (11).  In  contrast,  a  narrow  size  di.stribution 
is  more  typical  of  particles  precipitated  from  ho¬ 
mogeneous  solution  [2.‘i-28].  Moreover,  the  parti¬ 
cle  size  and  surface  area  data  of  table  1  show  that 
the  average  particle  size  decreases  with  decreas¬ 


ing  feedstock  concentration.  Such  a  result  is  not 
supported  by  a  classical  nucleation  and  growth 
model,  which  would  predict  higher  supersatura¬ 
tion  conditions  and  smaller  particles  at  higher 
feedstock  concentrations  [il] 

Alternatively,  the  generation  of  reacting 
species  by  the  process  generally  known  as  precipi¬ 
tation  from  homogeneous  solution  (PFHS)  [26- 
28]  is  often  observed  in  systems  where  tempera¬ 
ture  is  used  to  thermally  decompose  precursor 
reactants  [24-27).  Jt  is  generally  acknowledged 
that  a  major  limitation  in  the  PFHS  reaction 
scheme  is  that  relatively  low  concentrations  of 
precursor  species  must  be  used  to  avoid  continu¬ 
ous  nucleation  throughout  the  particle  formation 
process.  In  the  current  work,  the  microstructural 
data  strongly  support  the  contention  that  PFHS  is 
faking  place  in  the  Pb-Ti-HjO  system  under 
hydrothermal  conditions.  However,  in  this  sys¬ 
tem,  a  sparingly  soluble  precursor  hydrous  oxide 
was  used  to  generate  the  reacting  species.  Under 
these  conditions,  a  high  yield  of  product  powder 
is  potentially  attainable  using  relatively  concen¬ 
trated  precursor  suspensions.  Furthermore,  the 
high  concentration  of  feedstock  is  not  expected  to 
compromise  the  generation  of  nuclei  as  it  does  in 
classical  PFHS  because  the  reservoir  of  nutrient 
stored  in  the  solid  precursor  does  not  influence 
.solution  factors  such  as  supersaturation  and  ionic 
strength. 

Consequently,  with  reference  to  the  schematic 
solubility  curves  shown  in  fig.  7.  it  is  proposed 
that  as  the  hydrothermal  temperature  is  in¬ 
creased,  the  dissolution  of  the  precursor  hydrous 
oxides  dictates  the  supersaturation  (8,2)  at  which 
PbTiO,  crystallizes.  Assuming  normal  solubility 
behavior,  this  is  consistent  with  the  temperature- 
dependent  induction  time  observed  in  the  kinetic 
data  of  fig.  4.  When  the  hydrothermal  tempera¬ 
ture  is  increased  to  the  range  where  the  solubility 
of  the  precursor  hydrous  oxide  (S^)  is  greater 
than  that  of  the  anhydrous  oxide  (5p„).  crystal¬ 
lization  of  the  latter  will  lake  place  with  the 
nutrient  precursor  material  acting  as  a  reservoir 
for  the  precipitating  species.  If  the  particle  growth 
is  not  topotactic  with  the  precursor  particles,  then 
nucleation  of  the  PbTiO,  is  required.  It  is  be¬ 
lieved  that  this  corresponds  to  the  rapid,  first- 


258 


G./4.  Rossetti,  Jr  ei  al.  /  ‘  netics  of  hydrothermal  crystaUtzatton  of  perm  skue  PhTiOi 


TEMPERATURE 

Fig.  7.  Reaction  scheme  proposed  for  the  hydrothermal  crys- 
lalliTation  of  PbTiO,.  It  is  proposed  that  the  difference  in 
solubility  of  the  precursor  hydrous  oxide  and  the  product 
material,  PbTiO,,  al  the  hydrothermal  reaction  temperature 
provides  the  driving  force  or  supersaluralton,  5,j,  necessary 
to  nucleate  and  grow  PbTiO,  particles  via  precipitation  from 
homogeneous  solution. 


Stage  crystallization.  As  might  be  expected  for  a 
such  a  complex  dissolution-recrystallization  proc- 
e.ss,  flic  w  exponenl.s  for  this  stage  of  crystalliza¬ 
tion  (fig.  5)  did  not  correspond  to  any  of  the 
theoretical  values  for  the  standard  solid-state  re¬ 
action  rate  equations  (table  2). 

Once  sufficient  nuclei  are  formed,  as  dictated 
by  the  relative  supersaturation  at  a  particular 
temperature,  growth  will  commence.  It  is  be¬ 
lieved  that  this  corresponds  to  the  sharp  transi¬ 
tion  to  a  second-stage  crystallization  at  /  =  0.3- 
0.4  as  observed  in  fig.  5.  With  the  dissolution  of  a 
precursor  solid  providing  the  nutrient  for  the 
iillim.'ilc  civsiallinc  ph.-isc,  tinifnnniy  shaped, 
nearly  monusized  particles  are  produced,  pro¬ 
vided  that  the  dissolution  or  decomposition  of  the 
precursor  material  is  the  rate-limiting  step.  The 
zero-order  kinetic  dependence  of  the  second- 
stage  crystallization  is  consistent  with  this  re¬ 
quirement.  Zero-order  kinetics  imply  that  the  re¬ 
action  rate  is  independent  of  the  concentration  of 
the  reactants,  and  arc  observed  in  systems  where 
the  rate  is  controlled  by  a  large  excess  of  one 
reactant,  or  is  dictated  by  an  external  variable, 
such  as  the  intensity  of  light  in  a  photocaialyzed 
reaction  {29].  In  the  mechanism  proposed,  crystal¬ 
lization  can  continue  only  so  long  as  there  is 
sufficient  nutrient  to  maintain  supersaturation. 


When  the  nutrient  is  depleted  to  the  point  where 
this  is  no  longer  possible,  the  crystallization  might 
be  expected  to  end  abruptly,  with  little  premoni¬ 
tory  diminution  of  the  crystallization  rate  as  1(K}% 
crystallinity  is  approached. 

4.  Summary 

Crystalline,  nanometer  sized  PbTiO,  particles 
were  synthesized  under  autogenous  hydrothermal 
conditions  at  temperatures  in  the  range  of  225- 
250°C  and  feedstock  concentrations  of  0.1 -1.0 
molar.  Under  these  conditions,  the  product  parti¬ 
cles  crystallized  with  a  relatively  uniform  acicular 
morphology.  In  contrast  to  expectations  based  on 
classical  nucleation  and  growth  models,  the  parti¬ 
cle  size  was  found  to  increase  al  higher  feedstock 
concentrations.  A  simple  solid-state  analysis  of 
the  crystallization  rate  data  showed  that  the  ki¬ 
netics  could  be  characterized  by  three  regimes 
corresponding  to  a  temperature-dependent  in¬ 
duction  period,  an  initial  period  of  rapid  crystal¬ 
lization,  and  a  second  period  of  crystallization 
obeying  a  zero-order  rate  law.  To  account  for 
these  observations,  a  particle  formation  mecha¬ 
nism  was  proposed  wherein  an  anhydrous  oxide 
leading  to  the  perovskite  phase  is  precipitated 
from  a  homogeneous  solution,  the  supersatura¬ 
tion  condition  of  which  is  dictated  by  the  solubil¬ 
ity  of  a  sparingly  soluble  amorphous  hydrous  ox¬ 
ide  precursor.  It  is  suggested  that  this  reaction 
scheme  may  be  useful  in  preparing  uniform, 
mnnosized  particles  of  complex  oxides  from  high 
eoiiceiilialioiis  ol  mitiieiil  iiiid  al  high  yiehls. 
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Sol-gel  synthesis  of  Ln2(Ln  =  La,  Nd)Ti207 

A.  V  Prasadarao."'  Llagaraj  Selvaraj.  Sridhar  Komarneni.'''  and  Amar  S.  Bhalla 
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(Received  4  October  IWl,  accepted  16  June  1W2) 

Lanthanum  and  neodymium  litanates  were  prepared  by  a  sol-get  route.  Synthesis  of 
La.'Ti^O-  from  pure  alkoxide  precursors  yielded  an  intermediate  perovskite  type  phase. 
La,i-,,TiOv.  which  partially  transformed  to  La:Ti20--  on  heating  to  1500  °C.  Substitution 
of  the  lanthanum  acetylacetonate  for  alkoxide  precursor  yielded  La;Ti;0’  without  anv 
intermediate  phase  at  a  very  low  temperature  of  700  *C  Sintering  of  the  La:Ti:0-  gel 
powder  yielded  a  highly  dense  ceramic  with  — 97‘’f  theoretical  density.  Similar  sintering 
treatment  resulted  in  ~92'^  theoretical  density  for  Nd:Ti:0-, 


I.  INTRODUCTION  ' 

interest  in  lanthanide  titanates  with  the  general  for¬ 
mula.  Ln^TiiO?.  arose  as  a  result  of  the  observation  that 
they  might  be  ferroelectric  by  analogy  with  Cd2Nb207. 
which  is  a  unique  and  unusual  ferroelectric  material 
at  low  temperatures.'  CdzNb^O?  has  a  cubic  structure 
of  the  mineral  pyrochlorc  (Na,  Ca)(Nb,Ta)06F.  Roth 
was  the  first  to  synthesize  and  investigate  a  series  of 
lanthanide  titanates  by  solid-state  reactions.-  Among 
the  rare  earth  titanates,  those  with  Ln  =  Sm  to  Lu 
are  isostructural  to  pyrochlorc  whereas  lanthanum  and 
neodymium  titanates  are  monoclinic  with  a  space  group 
P2\^^  Further  investigations  revealed  that  both  lan¬ 
thanum  and  neodymium  titanates  are  effective  ferro¬ 
electric  substances  with  both  high  Cune  temperatures 
and  coercive  fields.-  *  Their  temperature  stability  and 
low  dielectric  loss  at  microwave  frequencies  make  them 
good  candidate  materials  for  high  frequency  applica¬ 
tions.  Indeed.  La2Ti207  and  Nd2Ti207  are  being  used 
as  major  components  in  high  K  microwave  dielectric 
formulations.'  ®  Also,  La2Ti207  has  been  found  to  have 
good  piezoelectric  propenies  with  possible  use  as  a 
high  temperature  transducer  material.”®  Nevertheless, 
studies  on  single  crystals  of  these  materials  are  limited 
because  of  their  high  melting  points  which  make  crystal 
growth  difficult.  The  synthesis  of  single  crystal  fibers 
of  these  compounds  by  laser  heated  pedestal  growth 
has  recently  been  reported."  Though  some  methods  for 
the  synthesis  of  La7Tt207  and  Nd2Ti707  in  the  poly¬ 
crystalline  form  were  reported  based  on  coprecipitation 
of  hydroxides.'-  thermal  decomposition  of  nitrates,'^ 
liquid  mix  techniques. and  hydrothermal  methods,** 
these  ceramics  are  by  far  fabricated  only  by  conventional 
solid  state  reactions  of  the  oxides.  However,  for  high 
quality  products,  pure  powders  consisting  of  uniform 
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particles  are  -  desirable  for  good  sintcrability  and  fine¬ 
grained  microsiructures. 

In  recent  years,  the  sol-gel  process  has  become  a 
method  of  interest  for  the  synthesis  of  nanocomposues 
and  electroceramics.'''  The  advantages  of  the  sol-gei 
process  compared  to  conventional  methods  for  polycrvs- 
tallinc  ceramics  are  better  control  of  stoichiometry  and 
homogeneity,  lower  reaction  temperatures,  less  contam¬ 
ination,  and  ease  of  preparation  of  ultrafinc  powders, 
thin  films,  and  fibers  for  device  applications.  Sol-cel 
synthesis  of  polycrystalline  or  thin  film  electroceram¬ 
ics  is  mostly  based  on  the  hydrolysis  and  subsequent 
polycondensation  reactions  of  component  alkoxides.  .At¬ 
tempts  on  a  similar  basis  with  lanthanum  and  titanium 
isopropoxides  as  starting  materials  yielded  a  phase  of 
,Tt03  instead  of  the  required  phase  La;Ti:0- 
However,  by  substituting  one  of  the  precursors  (see 
below),  phase  pure  La2Ti207  is  obtained  at  a  relatively 
low  temperature.  Also,  the  La2Ti207  precursor  solution 
prepared  by  this  method  is  useful  for  the  formation  of 
highly  oriented  thin  films  on  different  substrates  ''  This 
paper  describes  the  first  repon  on  the  sol-gel  synthesis 
and  sintering  behavior  of  lanthanum  and  neodymium 
titanates. 

II.  EXPERIMENTAL 

The  scheme  for  the  synthesis  of  Ln2Ti307  is  out¬ 
lined  in  Fig.  1.  Lanthanum/neodymium  acetylacetonate 
[Ln(acac)}  or  LnA)  and  titanium  isopropoxide.  TifOPr'  )j 
(Aldrich  Chemical  Company,  WI)  were  used  as  pre¬ 
cursors  and  2-methoxyethanol  (MOE)  was  used  as 
the  solvent.  0.05  M  of  Lafacac)}  was  added  to  2  M 
MOE  and  dehydrated  by  distilling  off  the  solvent  at 
120  *C.  The  resulting  slurry  was  refluxed  with  MOE 
for  24  h  in  argon  atmosphere  keeping  the  molar  ratio 
of  MOEA.n(acac)]  around  80.  The  required  amount  of 
Ti  (OPr')*  was  then  added  to  the  above  solution  after 
cooling.  The  resultant  mixture  was  again  refluxed  for 
12  h,  cooled,  and  the  pH  was  adjusted  from  ~12  0  to 
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FIG  I  Schematic  outline  of  the  preparation  of  lamhanum/neo- 
d>mium  tiianate 


10.0  with  concentrated  HNO?.  Four  times  the  theoretical 
amount  of  water  necessary  for  hydrolysis  was  added 
slowly  under  continuous  stirring.  The  addition  of  water 
cleared  the  slight  turbidity  of  the  solution.  The  solution 
and  the  gel  were  air  dried  at  60  *C. 

Powdered  gels  were  characterized  by  thermogravi- 
metric  (Delta  Series  TGA7.  Perkin-Elmcr.  CT)  and  dif¬ 
ferential  thermal  (Model  DTA  1700,  Perkin-Elmer,  CTT) 
analyzers  interfaced  with  computerized  data  acquisition 
and  manipulation  systems.  Phase  identification  of  the 
various  heat  treated  samples  was  performed  using  a 
diffractometer  (Model  DMC  105,  Scintag,  CA)  with  Ni 
filtered  Cu  Ko  radiation.  The  La;Ti;0'  gel  powder  was 
calcined  at  800  *C  for  1  h  and  pelletized  using  polyvinyl 


alcohol  (2  wt.  as  binder.  The  pellets  were  subjected 
to  heat  treatment  at  1300.  1350.  1400.  and  1500  *C  for 
5  h  to  study  their  sintering  behavior  Bulk  densities  were 
measured  by  the  Archimedes  method.  A  scanning  elec¬ 
tron  microscope  (ISI-DS  130.  Akashi  Beam  Technolocv. 
Tokyo)  was  used  for  obtaining  microsiiuctures  of  ihe 
sintered  ceramics. 

III.  RESULTS  AND  DISCUSSION 

As  Slated  in  the  introduction,  the  synthesis  based 
on  pure  alkoxide  precursors  resulted  in  the  formation 
of  a  defect  perovskite  phase  of  composition  close  to 
La(i-,,TiOv  The  thermal  behavior  of  the  gel  powder 
obtained  is  shown  in  Fig.  2.  X-ray  diffraction  (XRD)  pat¬ 
terns  of  this  sample  heat  treated  at  various  temperatures 
are  depicted  in  Fig.  3.  The  formation  of  such  A-site  defi¬ 
cient  perovskite  La,i_,)TiOi,  where  0  <  jr  <  0.3.  from 
ceramic  oxides  was  reported  earlier  by  Kestigan  and 
Ward.'*  The  phase  of  Lan^ftTiOi  (corresponding  to  j:  » 
0.33)  was  also  synthesized  from  a  stoichiometric  mixture 
of  LaiOj  and  TiO:  in  the  presence  of  a  small  amount 
of  alkaline  earth  ion.'*  Abe  and  Uchino'*'  reported  the 
synthesis  of  La2/3Ti03-A  from  pure  oxides  under  CO-H; 
mixed  gas  atmosphere.  Based  on  XRD  results,  these 
authors  concluded  that  the  structure  of  LaiiTiOj-j  was 
dependent  on  A;  when  A  is  small  the  perovskite  cell 
is  distorted  to  orthorhombic  symmetry,  while  a  cubic 
perovskite  phase  is  facilitated  with  the  increase  of  A. 
In  the  present  case,  the  XRD  pattern  (Fig.  3)  shows  a 
cubic  cell  with  lattice  constant.  0  —  3.91  A.  Only  partial 
transformation  of  La,,_,,T'03  into  La:Ti;Oi  occurred  on 
heating  to  1500  *C  for  6  h. 

In  order  to  modify  the  reactivity  of  molecular  pre¬ 
cursors,  chemical  additives,  such  as  aceiylaceionc  and 
alkanolamine.  are  sometimes  used.^-'  These  additives, 
primarily  being  chelating  agents,  modify  the  molecular 


FIG  2.  DTA  curve  for  ihe  eel  obiatned  from  lanihanum  and  tiianium 
isopfopovide  precursors  (healing  rate  10  T 'mini 
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FIG  3.  XRD  patterns  of  the  gel  powder  obtained  from  lanthanum 
and  titanium  isopropoxide  precursors  and  heat-treated  at  800  and 
1500  ‘C. 


FIG.  4  TGa  and  DTA  curves  for  the  gel  powder  obtained  from  lan¬ 
thanum  aceivlaceionaie  and  titanium  isopropoxide  precursors  (healing 
rate  10  *C/min). 


F!0  5  TGa  and  DTA  curses  for  the  gel  powder  obtained  from  lan¬ 
thanum  aceivlaceionaie  and  titanium  isopropoxide  and  heai-treated  at 
500  ’C  for  24  h  (heating  rate  10  ‘C/min). 


precursor  in  such  a  way  that  its  rate  of  hydrolysis  is  al¬ 
tered.  The  controlled  rate  of  hydrolysis  promotes  homo¬ 
geneous  mixing  of  the  resultant  gel  network.  Instead  of 
modifying  lanthanum  isopropoxide  with  acetylacctone. 


20  so  40  so  so 

DEGREES  Two  Th£T*  (CuKal 

FIG-  6  XRD  patterns  for  the  gel  powder  obtained  from  lanthanum 
aceiylaceionate  and  titanium  isopropoxide  precursors  and  heai-ireaied 
at  different  temperatures. 

the  lanthanum  acetylacetonate  itself  was  chosen  as  one 
of  the  precursors  in  this  study.  The  change  in  lanthanum 
precursor  facilitated  the  formation  of  La^TiyOi  directly 
without  any  intermediate  phase.  The  thermal  behavior  of 
air  dried  gel  obtained  from  lanthanum  acetylacetonate 
and  titanium  isopropoxide  is  depicted  in  Fig  4.  The 
thcrmogravimetric  analysis  (TGA)  shows  a  continuous 
loss  up  to  350  *C  and  another  loss  in  the  range  of  580 
to  780  *C.  The  earlier  loss  is  due  to  dehydration  and 
decomposition  of  organics.  Differential  thermal  analysis 
of  the  gel  powder  previously  heat-treated  at  500  *C 
for  24  h  gave  a  sharp  exotherm  at  750  *C  with  no 
corresponding  weight  loss  observed  in  TGA,  as  shown  in 
Fig.  5.  Ishizawa  et  al.~  reported  a  phase  transformation 
of  monoclinic  LajTiiOi  to  an  orthorhombic  form  with 


Temperature  ("O 

FIG  7  Variation  of  density  as  a  function  of  sintering  lempetaiure  lor 
La-Ti.'O- 
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Space  group  C„ci  at  780  °C.  In  order  to  verify  whether 
the  exotherm  at  750  °C  is  due  to  crystallization  or 
phase  transformation  of  La^Ti^O?.  DTA  cooling  run 
was  performed  from  80(1  to  500  ’C.  which  showed  no 
peak  in  this  region.  This  indicates  that  under  the  DTA 
setup  conditions,  it  may  not  be  possible  to  identify 
the  monoclinic  to  orthorhombic  transition.  Hence,  the 
above  exotherm  can  be  attributed  to  the  crystallization  of 
La:Ti:Oi.  The  phase  identification  was  also  followed  by 
XRD  for  samples  heat-treated  at  different  temperatures. 
The  sample  was  x-ray  amorphous  up  to  600  *C.  The 
XRD  patterns  {Fig.  6)  clearly  indicate  the  formation  of 
La^Ti^O?  at  700  *C.  As  TiO:  crystallizes  at  temperatures 
less  than  600  "C,  the  absence  of  TiO:  peaks  suggests  that 
La^TiiO-  is  formed  directly.  The  phase  formation  was 
complete  at  temperatures  s^BOO  *C. 


Figure  7  shows  the  densities  of  the  sintered  La,Ti  O 
samples  as  a  function  of  sintering  temperature.  'Maxi¬ 
mum  density  was  observed  for  the  sampie  sintered  at 
1400  T.  For  microstructuia!  studies,  sintered  cross  sec¬ 
tions  were  prepared  by  polishing  the  surface  followed  bv 
thermal  etching  at  1400  *C  for  10  min.  Figure  8  shows 
scanning  electron  micrographs  (SEM)  of  La;Ti,o,  sin¬ 
tered  at  1400  *C  for  1.  3,  and  5  h.  The  grain  size 
increased  with  increasing  heat  treatment  time  (Fig  8). 

Thermal  behavior  of  neodymium  titanate  gel  shown 
in  Fig.  9  is  similar  to  that  of  lanthanum  titanate  gel 
powder.  The  phase  formation  followed  by  XRD  (Fig,  10) 
indicated  the  formation  of  Nd2Ti:!07  al  800  *C.  The 
phase  formation  was  complete  within  1000  'C.  The 
optimum  sintering  conditions  obtained  for  lanthanum 
titanate  samples  were  adopted  to  the  neodymium  titanate 
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the  Lxftgcrtng  orientation  factor  calculated  from  XRD 
intensities  of  the  sintered  pellets.*'  Grain  orientation  has 
also  been  observed  for  La^TijOT  sol-gel  thin  films  coated 
on  Si(lOO)  and  fused  silica.” 

tv.  CONCLUSIONS 

Lanthanum  and  neodymium  litanatcs  were  prepared 
by  a  sol-jjel  method  for  the  first  time  at  a  relatively  lower 
temperature  of  700  to  800  *C.  Phase  pure  La;Ti;0- 
without  any  intermediate  phase  was  synthesized  using 
titanium  isopropoxide  and  lanthanum  acetylacetonate. 
Sintering  of  La2Ti20i  gel  powder  at  1400  *C  for  5  h 
yielded  a  highly  dense  ceramic  with  —91%  theoretical 
density. 


FIG  9  TGA  and  DTA  curves  lor  (he  gel  powder  obtained  (rom 
neodymium  aceiylaceionare  and  titanium  isopropoxide  precursors 
(heating  rate  10  *C/min) 


gel  powder.  Approximately  92%  theoretical  density  was 
achieved  for  the  neodymium  sample  sintered  at  1400  *C 
for  5  h.  La2Ti207  and  Nd2Ti207  pellets  sintered  at 
1300.  1400.  and  1500  *C  exhibited  grain  orientation.  The 
extent  of  grain  orientation  v  as  quantified  in  terms  of 
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FIG  to.  XRO  patterns  for  the  gel  powder  obtained  from  neodymium 
acetylacetonate  and  titanium  isopropoxide  precursors  and  heat-treated 
at  different  temperatures 
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Strontium  and  calcium  pvroniobatec  «ere  prepared  b>  a 
sid-gel  process,  usinjj  strontium/calcium  metal  and  nio¬ 
bium  ethoxide  as  precursors.  I  he  formation  of  Sr.Nh.O- 
(Kcurred  at  750°^  sia  an  intermediate  perovskite  phase 
of  composition  close  to  Sr„,,NbO,.  Ihe  crsstalli^ation 
of  Ca.Nh.O-  occurred  at  6(I(>°C  directly  uithout  any  inter¬ 
mediate  phases.  Sintered  Sr.Nb.O-  and  Ca.Nb.U-  pellets 
showed  a  preferred  grain  orientation.  Microstructural 
studies  revealed  an  increase  in  grain  growth  and  associated 
orientation  with  sintering  temperature. 

I.  Introduction 

Am()n<;  the  lernars  metallic  oxioes  with  the  general  formula 
A.B-0-.  compounds  with  layered  perovskiie-i>pe  struc¬ 
tures  exhibit  interesting  lerroelectric  properties  The  com¬ 
pounds  where  A  =  Sr.  Ca  and  B  =  Nb.  Ta  base  become  the 
subject  ot  some  recent  investigations  '  Crystals  ol  Sr.Nb-O- 
are  orthorhombic  with  space  group  Cmc .  at  room  temperature 
and  the  crystal  structure  is  built  up  of  slabs  ot  distorted  NbO„ 
oclahedra  and  strontium  atoms  along  the  [010)  axis  Dielectric 
measurements  on  Sr.Nb.O-  single  crystals  revealed  two  ferro¬ 
electric  transition  temperatures,  one  at  -  I  Sb’C  and  a  second  at 
l.142°C.’'  Also,  the  electric  anomalies  showed  a  normal  to 
incommensurate  phase  transition  at  21.‘'’C  '  Refractive  index, 
birefringence  and  lattice  modulation  properties  of  the  incom¬ 
mensurate  phase  have  also  been  investigated."''  Besides  being 
ferroelectric  with  a  high  Curie  temperature.  Sr-Nb^O-  exhibits 
excellent  piezoelectric  and  elecirooptic  properties  comparable 
to  those  of  LiTaO,  and  Ba.NaNb.O,.  single  crystals  ' 

Ca:Nb  O-.  on  the  other  hand,  belongs  to  a  monoclinic  system 
with  a  space  group  P-^  and  is  isostruciural  with  La-Ti-O-."'" 
Early  aiiempis  to  detect  lerroelectricity  in  Ca;Nb;0-  were 
unsuccesslul.""-  Nanamalsu  and  Kimura'  reinvestigated  the 
electrical  properties  of  Ca.Nb  O.  They  reported  a  polarization 
reversal  at  very  high  applied  fields  and  observed  no  dielectric 
anomaly  from  room  temperature  to  I5(X)°C.  The  Cune  temper¬ 
ature  of  Ca.Nh.O-  IS  therefore  assumed  to  be  higher  than  us 
melting  poini  of  I580T.  Ca-Nb.O,  also  exhibds  remarkable 
piezoelectric  and  elecirooptic  properties  when  an  elecinc  field 
IS  applied  along  the  polar  axis  •  Ail  of  the  above  studies  have 
been  perlormed  with  single  crystals  grown  by  float  zone  tech¬ 
niques  Single-crystal  fibers  of  Ca-Nb-O,  and  related  matenals 
were  also  prepared  using  laser-heated  pedestal  growth  tech¬ 
niques  ”  .Attempts  to  grow  Sr.Nb-O-  and  Sr-Ta-O-  fibers  were 
unsuccessful  Since  single  crystals  of  these  materials  are 
impractical  for  most  device  applications  because  of  excessive 
cost,  low -temperature  synthesis  of  polycrystailine  or  grain- 
onented  po'ycryvialline  ceramics  is  desirable. 

In  recent  years,  sol-gei  synthesis  is  found  to  have  many 
advantages  over  conventional  ceramic  processing."  Because  of 
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the  mixing  ol  Ihe  precursor  solution  ji  the  rrmleculjr  level  ihe 
sol-gel  method  oilers  homogenetiv.  reduced  reaciion  lemperj- 
lures,  and  ease  ot  lormaiion  ol  thin  films  \Se  have  leseniK 
reported  the  sol-gel  svnihesis  ot  La  Ti  O  and  NdTi  fJ  '  in 
view  ol  the  above  iniereviing  prriperties  ouihned  lor  Sr  \b  O 
and  Ca- Nb  O',  sy  nthesis  ol  these  phase -pure  materials  is  under 
taken  by  ihe  sol-gel  process  In  laci.  ihe  soi-gei  prose-s 
produces  single-phase  maieruls.  as  oppxised  lo  ihe  sonven- 
lional  processing  methods,  leading  lo  the  formalion  ol  sec¬ 
ond  phases 

II.  Experimental  Procedure 

The  flow  chart  for  the  synihesis  ol  Sr-Nb.Q  and  Ca  Nh  (J 
gel  IS  outlined  in  Fig,  I  For  the  preparaiion  ot  Sr  Nb-O  cel. 
sironiium  meial  and  niobium  ethoxide  (Aldrich  Chemical  Co 
Milwaukee.  Wl)  were  used  as  starling  materials  with 
2-melhoxyeihanol  lAldrichi  as  a  solvent  The  required  amouni 
of  stroniium  metal  was  slowly  reacted  with  2-meihoxvcttianol 
in  a  molar  ratio  ol  I  ;5  under  argon  atmosphere  Alter  ihe  som- 
plete  dissolution  of  ihe  meial.  the  solution  was  refluxed  under 
argon  at  I25°C  for  4  h.  Niobium  ethoxide  was  refluxed  -epa- 
raiely  with  2-meihoxyeihanol  m  a  molar  ratio  ol  I  27  under 
similar  conditions. 

A  mixture  of  0.  lAf  strontium  alkoxidc  solution,  0  2M  aw 
lylaceione  (Aldrich),  and  4  0\f  2-meihoxyeihjnol  wj- 
refluxed  under  argon  at  IZS’C  for  4  h  Alter  the  M.luiion  was 
cooled.  0,  IM  niobium  ethoxide  solution  was  added  and  tunher 
refluxed  under  the  same  conditions  The  resulting  solution  sv  js 
cooled  and  the  pFI  was  adjusted  from  ~- 12  0  to  lU  wuh  HM) 


Fig.  I.  Schematic  outline  of  the  preparation  of  Sr.NbO  jud 
Ca;Nb.O.  gels 


2697 


T£MPCRATU«E  <*C)  TEMPERATURE  ("O 

Fig.  2.  TC  and  UTA  cur.c'  fur  Sr  Nh  O  tel  (heating  rate  Fig.  4.  TG  and  DIA  curves  for  Ca.Nb  O.  gel  pouder  (healing  rate 
HlXmin)  lO'C'inini 


Slow  hydrolysis  was  initiated  with  the  theoretical  amount  of 
water  (diluted  w  ith  2-methoxyethanol  i  necessary  lor  complete 
hydrolysis  and  the  resulting  gel  was  dried  at  hO^C  A  similar 
procedure  was  followed  for  the  synthesis  of  Ca.Nb^O-  gel  with 
calcium  metal  (Aldnchl  and  niobium  ethoxide  as  precursors 
The  gel  powders  of  Sr.Nb.O-  and  Ca.Nh^O-  were  characterized 
by  thermogravimetric  (Delta  Series  TGA7.  Perkin-Elmer.  Nor¬ 
walk.  CTl  and  differential  thermal  (Model  DTA  1700.  Perkin- 
Elmeri  anal'  zers  interfaced  with  computerized  data  acquisition 
and  manipulation  systems  Phase  identification  of  the  various 
heat-treated  samples  was  performed  using  a  diffractometer 
(Model  DMC  t05.  Scintag.  Santa  Clara.  CAi  with  Ni  liltercd 
CuAu  radiation  The  gel  powders,  after  the  removal  of  carbon 
by  healing  at  5(K)'C.  were  pressed  into  pellets  with  2  wt‘7f  poly- 
(vinyl  alcohol  I  as  a  binder  and  sintered  at  different  tempera¬ 
tures  The  densities  were  measured  by  (he  Archimedes  method 
Sr.Nb-O-  and  Ca  Nb-O-  sintered  at  I450'C  for  I  h  showed  887f 
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and  of  theoretical  densities,  respectively  The  pellets  sin¬ 
tered  at  different  temperatures  were  polished  and  thermally 
etched  for  microstructural  studies  with  a  scanning  electron 
microscope  (ISl-DS  130.  Akashi  Beam  Technology  Corp  . 
Tokyo. Japan) 

III.  Results  and  Discussion 

Figure  2  shows  the  DTA  and  TGA  curves  for  Sr-Nh^O  gel  in 
the  temperature  range  of  50°  to  850°C.  As  indicated  by  the  TG 
curve,  there  is  a  sudden  weight  loss  at  about  3tO°C  followed  by 
a  continuous  wciglil  loss  in  the  langc  of  .580"  to  680' C  I  licsc 
two  weight  losses  are  separated  by  a  plateau  from  4.S0°  to 
580°C.  The  DTA  curve  shows  a  senes  of  exothermic  peaks 
The  peaks  below  400°C  are  due  to  the  loss  of  water  and  organ¬ 
ics.  while  the  peaks  above  this  lemperaiure  may  be  due  to  the 
crystallization  and  the  oxidation  of  residual  carbon  As  there  iv 
no  sharp  exothermic  peak  indicative  of  crystallization,  the 
phase  formation  is  followed  by  X-ray  diffraction  of  the  gel  pow¬ 
ders  heat-treated  at  different  temperatures  (Fig  3)  The  gel 
powder  heai-treaicd  at  500°C  was  X-ray  amorphous  However. 
It  transformed  to  a  perovskite  phase  at  600°C  The  XRD  pattern 
of  this  perovskite  phase  matched  with  Sr„,;NbOi  ( Joint  Com¬ 
mission  on  Powder  Diffraction  Standards.  File  No  9-79i 
Ceramics  with  the  composition  Sr.NbO.  have  been  known  since 
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Fir.  6.  XRD  patterns  of  Ca.Nb.O-  anj  Sr  .Nh.O.  gel  powder  calcined 
at  800°  and  900°C  for  I  h.  respectively. 

1950.  It  has  been  well  established  that  for  0  70  <  t  <  0.95  the 
formation  of  a  single-phase  perovskite  is  favored.”'"  Heat 
treatment  of  the  gel  powder  at  750°C  yielded  phase-pure 
Sr.Nb;Oi.  Samples  of  Sr,Nb;0,  prepared  from  SrCO,  and 
Nb,0,  by  the  conventional  powder  mixing  method'”  were 
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Fig.  7.  XRD  patterns  of  polished  surfaces  of  Sr.Nb.O,  pellets  sin^ 
teredai  1250°.  1350°.  and  I450°C 
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Fig.  8.  XRD  patterns  stiished  surfaces  of  Ca.Nb  O  pellet*  'in- 
lered  at  1250°.  1350°.  and  i450°C. 


reported  to  have  a  small  amount  of  Sr.Nb.O,'  as  imporitv  w  hich 
was  not  observed  in  the  present  synthesis. 

Figure  4  shows  the  DTA  and  TGA  curves  for  Ca.Nb.O-  gel  in 
the  temperature  range  of  50°  to  1000°C.  There  is  a  continuous 
weight  loss  shown  in  the  TG  curve  up  to  about  500°C  followed 
by  a  minute  weight  loss  up  to  650°C.  As  in  the  previous  case. 
DTA  peaks  below  500°C  are  due  to  loss  of  water  and  decompo 
sition  of  organics.  Above  500°C  DTA  showed  a  sharp  exotherm 
at  680°C,  due  to  the  crystallization  of  Ca.NbjO,.  This  was  lur- 
ther  confirmed  by  XRD  of  ge!  powders  heat-treated  at  different 
temperatures  (Fig.  5). 

The  XRD  patterns  for  the  calcined  powders  of  Ca-Nb-O-  and 
Sr.NbjO,  are  shown  in  Fig.  6.  The  (212)  and  ( 131 1  refiecnons 
arc  the  highest  intensity  peaks,  respectively.  However,  when 
the  pellets  were  sintered  at  different  temperatures,  the  corre 
sponding  XRD  patterns  of  polished  surfaces  showed  (OHOi  a* 
the  highest  intensity  peak  for  Sr.NbjOj  and  (400)  as  the  highc'i 
intensity  peak  for  Ca.Nb. O7  as  shown  in  Figs.  7  and  8  Thi* 
shift  in  intensities  is  attributed  to  a  pref-rred  grain  orientaiinn 
during  sintering.  A  similar  gram  orientation  was  also  observed 
for  La.Ti.O,  and  Nd-TijOT.'"  Ca.Nb.O.,  being  tsosiruciural 
with  La.fi.OT.  showed  a  similar  trend,  Sr;Nb:0..  on  the  tuher 
hand,  is  orthorhombic  and  the  observed  XRD  intensities  ol  ihe 


Table  I.  Orientation  Factors,/,  for  SrjNb.O,  and  Ca.Nb.O. 


Sinienng 

OTKHiauwi 

XfOf.  / 

tempentufc 

Sr  Nb.O- 

Cj.NbO 

1250 

0  14 

006 

1350 

0  23 

0  13 

1450 

0  21 

0  20 

>v 


riB  9  St  M  micri'craphs  of  p.ilish?d  and  iheruialK  eiched  pellei  Fir.  10.  SEM  microcraphv  ol  poh-hed  and  ihernulK  etched  pellet 

sur|j,cs..l  Sr.Nb.O.Onieredaital  l2.S0-.(bl  I.VStI  .andtcl  Id.SOT  wlaccv ol  Ca  Nb-O  iinlered at  lai  i:."*!*  ibi  1350  .andic)  1450  C 


'.iniered  pellet''  'thoveed  (OHOi  reflection  a'  the  highest  intensity 
peak  (Fig  K).  which  is  in  accordance  with  the  ceramics  pre¬ 
pared  h\  the  powder  tnising  melhtnl  The  exieni  of  preferred 
orientation  is  estimated  in  terms  of  the  Lotgering  orientation 
lacior.  /.  which  is  defined  as  " 

f  =  iP  -  P.tdl  -  P„) 

where  P  =  l/HlWli  l/l/M/i  lor  the  Sr.Nh  O  sintered  pellet. 
/’  =  2:/illXiii  Ihlikit  lor  the  Sr.Nh.O  powder  calcined  at 
OiNi  C  lor  I  h.  P  =  I/i400i  ^ilihkh  lor  the  Ca  NhO  sintered 
pellei  and/’  =  l/i  4(l<li  l/i/ik/i  lor  the  Cu  Nh  ()  powder  cal- 
cineil  al  him  C  lor  I  h  o'.er  10  li'  0.'  ol  value'  For  a  m'li- 


orienied  sample.  P  becomes  P„.  leading  to  /  =  ()  kkiih  an 
increasing  degree  ol  orientation  Irom  nonorienied  sample  lo  an 
oriented  sample.  P  increases  Irom  the  value  P..  and  correspond- 
inch  /  increases  from  0  to  1 ,0.  The  factor  /  is  iherelore  a  mea¬ 
sure  ol  the  extent  of  orientation  in  a  given  sei  ol  samples  The 
values  ol  I  lor  Ca  Nb-O-  and  Sr.Nbb  are  shown  .n  Table  I 
The  degree  ol  orientation  is  representative  ol  the  bulk  ol  the 
sample  because  the  /  values  measured  al  dillereni  pellei  depths 
were  almost  identical 

The  microsiruciures  ol  ihe  polished  and  Ihermallv  etched 
surlacC'  of  the  sintered  pellet'  ot  Sr  Nb-O  and  Ca  .Mv  ()  an 
'hown  in  Fil's  o  and  ll>  The  onenlalion  ol  grains  i'  dcarlv 


MgnintMni  lncrea^e  in  grain  ^ize  i'-  nuticeii  mih  increaNini;  Mn- 
tering  lemperaiure 

IV.  Conclusions 

Using  sironiium  calcium  metal  and  ^n)^lum  eihoxide  as  pre¬ 
cursors,  phase-pure  Sr  Nh-(,)-  and  Ca^Nh  O-  «.ere  prepared  bs  j 
sol-gel  process  Lnhke  the  samples  prepared  by  consentional 
possder  mising  methods,  these  materials  did  not  show  any 
impurities  as  second  phase  Sr  Nb  O  crystallized  sia  an  inter¬ 
mediate  perossktie  phase,  while  Ca  .Nb  O-  crystallized  direciK 
at  bOtrc  Sintered  pellets  oi  Sr-Nb-O-  and  Ca,Nb-0-  showed 
considerable  grain  orientation,  which  was  further  conhrmed  bs 
SEM  microstructure  studies 
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Sol-gel  thin  Illms  of  La2Ti207  were  deposited  on  fused  silica  and 
Si(lOO)  substrates  by  a  spin-coating  process.  The  La2Ti207  precursor 
solution  for  the  spin-coating  was  prepared  from  lanthanum  acetylacetonate 
and  titanium  iso-propoxide  dissolved  in  2-methoxyethanol.  Crystalline  and 
crack- free  films  of  ~  0.3  pin  thickness  were  deposited  on  the  above 
substrates  using  a  single  coating  and  followed  by  annealing  at  a  temperature 
of  800  "C.  Microstructural  studies  revealed  that  these  films  contained 
extremely  fine  grains  of  ~  0. 1  pm.  Thin  film  X-ray  diffraction  patterns 
indicated  the  formation  of  grain  oriented  films  along  { 100]  direction  on  these 
substrates. 

INTRODUCTION 

Much  interest  has  been  focused  on  the  ferroelectric  properties  of  layered 
perovskite  compounds  of  the  general  formula  A2B2O7,  because  of  their  high  Curie 
temperatures  and  thermal  stability.  In  this  category  of  compounds,  A  is  a  trivalent 
ton  such  as  La^*,  Nd^*  with  B  being  Ti^*,  or,  A  is  a  divalent  ion  such  as  Ca^*, 
Sr2*  with  B  being  Nb**,  Ta**,  Among  the  layered  perovskite  compounds, 
lanthanum  and  neodymium  litanates  (La2Ti207  and  Nd2Ti207)  have  high  Curie 
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temperatures  (‘-1500*0  and  high  coercive  fields.  Their  high  temperature 
stability  combined  with  low  dielectric  loss  at  microwave  frequencies  make  them 
good  candidate  materials  for  high  frequency  applications.  In  addition  to  being 
ferroelectric,  these  materials  also  exhibit  excellent  piezoelectric  and  electro'optic 
properties  for  possible  use  as  high  temperature  transducers.^-^ 

The  room  temperature  modification  of  LajTi^Oy  belongs  to  the  monoclinic 
system  with  the  space  group,  ?2\.  The  crystal  structure  is  built  up  of  layers  of 
perovskite  slabs  running  parallel  to  (100)  plane,  with  the  TiOs  octahedra  bonded  to 
each  other  by  the  interlayer  ions.*  A  high  temperature  modification  of 
La2Ti207  at  -  780  *C  with  the  orthorhombic  space  group,  Cmc2|  has  also  been 
reported.^  La2Ti207  has  also  been  described  as  n  ■  3  member  of  a  homologous 
series  of  layered  structures  with  the  general  formula  An*  iBn+iOjn  <^5  (Os  n  s 
Single  crystal  fibers  of  La2Ti207  and  related  materials  have  been  synthesized  by 
laser-heated  pedestal  growth  technique.'^  The  microwave  dielectric  properties  and 
the  piezoelectric  properties  of  these  single  crystal  fibers  have  also  been 
investigated.*-? 

The  sol-gel  method  has  been  widely  used  to  deposit  many  ferroelectric  and 
dielectric  thin  films.  When  compared  to  vacuum  based  techniques  such  as 
chemical  vapor  deposition  and  sputtering,  the  sol-gel  processing  is  a  solution  based 
technique  of  depositing  thin  films  without  any  vacuum.  The  advantages  of  sol-gel 
method  over  other  methods  are  precise  control  of  composition,  low  processing 
temperature,  better  homogeneity,  easier  fabrication  of  thin  films  over  large  area  on 
either  one  or  both  faces  of  the  substrate  and  low  cost .  We  have  recently  reported 
the  preparation  of  some  layered  perovskite  ceramics  using  sol-gel  derived  fine 
crystalline  powders,  lil-l  ^  In  this  letter  we  present  the  first  report  on  the  fabrication 
of  thin  sol-gel  films  of  La2Ti207. 

EXP£RlMEfciIAL 

The  precursor  solution  for  La2Ti207  was  prepared  from  lanthanum 
acetyiacelonate  hydrate  (La(acac)3.xH20l  and  titanium  iso-propoxide  (Ti(OPi*)4l 
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dissolved  in  the  solvent  2-methoxyethanol  (2-MOE).  A  mixture  of  0.05  M  of 
La(acac)3.xH20  and  4  Mof2-MOE  was  distilled  in  argon  to  dehydrate  water.  To 
the  resulting  slurry,  2-MOE  was  added  to  maintain  the  above  lanthanum 
acetylacetonate  :  2-MOE  ratio  and  refluxed  in  argon  for  24  h.  Stoichiometric 
quantity  of  Ti(OP*)4  was  then  added  and  the  mixture  was  KOuxed  for  12  h  to 
achieve  homogeneous  mixing.  The  pH  of  the  solution  afler  cooling  was  adjusted 
from  *-  12.0  to  10  with  concentrated  HNO3.  Hydrolysis  was  initiated  by  adding 
water  which  resulted  in  a  very  clear  solution.  This  precursor  solution  was  used  for 
subsequent  spin-coating.  A  portion  of  the  solution  was  gelled  separately  and  the 
gel  powder  heat  treated  at  500  “C  for  24  h  was  characterized  by  themogravimetric 
(Delta  Series  TGA7,  Perkin-Elmer,  CT)  and  dilTerential  thennal  (Model  DTA  1700, 
Perkin-Elmer,  CT)  analysers  interfaced  with  computerized  data  acquisition  and 
manipulation  systems.  Phase  identification  of  the  gel  powder  heat  treated  at  700 
and  1000**  C  was  performed  using  a  diffractometer  (Model  DMC  105,  Scintag, 
CA)  with  Ni  filtered  Cu  Ka  radiation.. 

Fused  silica  and  Si(IOO)  were  used  as  substrates.  Prior  to  coating,  the 
substrates  were  cleaned  by  standard  semiconductor  processing  technique.!  7 
La2Ti207  precursor  solution  was  deposited  on  these  cleaned  substrates  using  a 
spin-coater  (Integrated  Technologies  P-600)  operated  at  2000  rotations  per  minute 
for  20  s.  The  resulting  films  were  dried  at  room  temperature  and  slowly  heated  to 
800”C  at  a  heating  rate  of  2*0'min.  A  thin  film  XRD  (Scintag,  Model  DMICR08) 
equipped  with  a  set  of  angular  divergence  soiler  slits  in  front  of  the  detector  element 
for  parallel  beam  geometry  operation  was  used  for  the  phase  identification  of  the 
thin  films.  The  fine  structure  and  the  film  thickness  were  obtained  by  a  scanning 
electron  microscope  (SEM,  ISI-  DS-i30,  Akashi  Beam  Technology,  Tokyo, 
Japan).  The  thickness  of  a  single  layer  film  deposited  on  either  fused  silica  or 
Si(  iOO),  calculated  from  SEM  micrograph,  corresponded  to  **  0.3  pm. 


The  gel  powder  when  heated  to  S00*C  for  24  h  was  X-ray  amorphous.  DTA 
of  this  powder  gave  an  exothermic  peak  at  750  *C  with  no  corresponding  weight 
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FIGURE  2.  XRD  patterns  of  132^1207  gel  powder  heat  treated  at  700*C  and 
lOOOX  for  I  h. 
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loss  observed  in  TG  as  shown  in  Figure  1.  This  indicated  that  most  of  the 
carbon  species  present  in  the  films  would  have  been  removed  at  temperatures 
below  500  "C.  The  exothermic  peak  in  DTA  can  therefore  be  attributed  to  the 
crystallLzation  of  La2Ti207'  The  XRi)  patterns  of  the  gel  powder  heat  treated  at  700 
and  1000  °C  for  1  h  are  shown  in  Figure  2.  As  can  be  seen  from  the  figure,  phase 
formation  of  La2Ti207  occurs  at  temperature  as  low  as  700  “C.  Further  increase  in 
tempemture  altered  the  crystallite  size  only  resulting  in  rather  sharp  peaks  in  the 
XRD  pattern. 


FIGURE  3.  XRD  patterns  of  La2Ti207  thin  films  on  (a)  fused  silica  and  (b) 
Si(  100)  heat  treated  at  800*C  for  I  h. 
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FIGURE  4.  SEM  microgfaphs  of  La2Ti207  thin  flims  on  (a)  fused  silica  and 
(b)  Si(lOO)  heat  treated  at  800”C  for  1  h. 


Figure  3  shows  the  XRD  patterns  of  La2Ti207  tiun  films  spin-coated  on  fused 
silica  and  Si(l00l  and  heat  treated  at  800  'C  for  1  h.  The  gel  powder  calcined  at 
800  ®C  showed  (112)  reflection  as  the  highest  intense  peak  (Figure  2)  which  is  In 
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agreement  with  the  Joint  commission  on  Powder  DifTraction  Standards  (JCPDS) 
file  no.,  28-517.  La2Ti207  sintered  at  1400*C,  however,  displayed  (400)  as  the 
highest  intense  peak,  which  indicated  the  existence  of  a  considerable  grain 
crientati''n  in  the  ceramic.^^  For  the  132^12^^7  films  heat  treated  at  800®C,  the  (400) 
peak  appears  to  be  more  prominent  as  was  observed  for  the  sintered  ceramic.  As 
the  structure  of  La2Ti207  is  composed  of  perovskite  LaTiOs  slabs  of  four  TiOa 
octahedra  thick,  bounded  by  shear  in  the  perovskite  ( 100}  planes,^  the  observed 
grain  orientation  along  [100]  direction  appears  to  be  the  preferred  one  for  the 
sample  to  grow. 

The  microstructures  of  La2Ti207  films  are  shown  in  Figure  4,  which  reveal  a 
very  fine  grain  size  of  -  0.1  pm.  The  formation  of  needle  shaped  grains  with 
visible  orientation  is  evident  in  the  film  coated  on  Si(  100).  Since  poling  of 
La2Ti207  single  crystals  is  considerably  difficult  due  to  high  coercive  field,  the 
formation  of  thin  films  may  be  important  for  device  applications.  In  this  scries  of 
compounds,  Sr2Nb207  single  crystal  films  were  reported  on  a  b-plate  Sr2Ta207  by 
RF  sputtering  for  possible  use  as  optical  waveguide.l^ 

CONCLUSIONS 

Thin  films  of  La2T«207  were  deposited  for  the  first  time  on  fused  silica  and 
Si(  100)  at  temperature  as  low  as  800°C  using  a  sol-gel  technique.  Thin  film  XRD 
and  SEM  results  showed  the  formation  of  grain  oriented  films  along  [100]  direction 
on  these  substrates.  The  present  synthesis  is  simple  and  thin  film  of  uniform 
thickness  and  good  quality  can  be  obtained  on  various  substrates  by  this  process. 
Ferroelectric  and  dielectric  properties  of  these  thin  films  arc  presently  being 
investigated. 
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Materials  Keseardi  l.aUiralofy .  'Hie  Pciinsvlvaiiia  Stale  lliiiveisii> ,  1  lniveivi(\  I’.uk,  i‘A  IliHilJ 
J  l}e|)ailiiient  of  Ccrainie  I'tifiiieeintp,  Uiiivcisii>  nf  Mnssciiii  Unll.i.  M( )  (1*1  till 
$$  Edu)  Ultrasrumd,  K.  U.  2.  Uon  1  IR,  Reeilsviltc.  f’A  nilR4 
$$$  'leiratl  Coriioraiioii,  12741  E,  Calcy  Ave.,  Eiigelwooil.  CO  Rdl  I  I 


Absitacr.  Leatl  magnesium  ninhnte  (Pl>(Mg|/3NI)^y^)Oy•l'MN^- 
leart  titaiinie  (PbTiOy-Pr)  snlitl  soliilinns  are  widely  reseaiclied  10 
produce  rievices  dial  can  be  used  in  low  aiirt  liigli  elecirit  (idil 
n|iplicalions.  Eor  some  applicaiiotts.  such  as  medical  nlirasnnic 
transducers,  it  is  necessary  to  piepaie  the  ceramic  with  high  dciisiiv 
3tu!  small  average  grain  sij.e  This  paper  ileserihes  the  ellei  i  id 
grain  size  on  the  low  ;uul  high  field  piojierties  of  (I dXll’MN  (I  till’ I 
ceramics  To  prepare  highly  dense  ceramic,  vilitanuy  and  alliiiion 
milled  powders  were  sinlererl  helween  IIKKI- 1  25(rc  I  he  aveiage 
giaiii  sizes  of  the  sinleied  cciamies  varied  Irom  (I  7  to  1  S  pm  In 
underslaiid  the  prtiin  size  elfecl.  dielectric,  pyioelcetric. 
eleclin.slriclive.  and  induced  piezoelectric  pro|)etries  wcie  studied 

liiltoduclioii 

Rela.sor  ferroelectric  materials  are  widely  studied  for  iheir 
dielectric,  elecliosirkiive  and  induceil  piezoeleclfic  pro|ienies  hi  the 
past  decade,  these  materials  weie  used  in  a  variety  ol  apfiiicaiioos 
ranging  from  muhi  layer  capacitors  to  ultrasonic  ttansdiiccisl  1 ,21 
Taleiithi  ei  al.,|2|  investigated  the  effect  of  (I  d(ll’MN-ii  Idl’T 
ce’amic  for  the  medical  imaging  in  Ihe  I  -.1  conrigiiralioit  Ifet  anse 
of  the  high  ojieraling  ftetnieticy.  the  dimensions  of  lire  cyliiidiicar 
criaitiic  'sis  tiie  teslricieil  to  only  it  few  tens  of  micioiis  in  all 
ditecliniis  To  m.iniilacliire  such  posts  lehafdy  and  reptodncibly.  « 
is  necessary  to  use  high  deitsily  ceramic  wiilt  .small  grain  size 

The  grain  size  effect  on  the  low  arid  Itiph  field  pio(H-riies  ol 
PMN-baseil  ceramics  has  hecn  iiivesiigaieil  by  several 
reseatcheis|.4-'  j  In  general.  Ihe  prn(ieities  degrade  as  the  grain  size 
is  reduced.  Eor  example,  in  (l.*2,M'MN-(l  ()7I’T  ceramic,  the  peak 
diclecliic  cnnslani  dro[is  frnm  2.‘i.(l(MI  in  .‘KHKI  when  llte  aveiage 
grain  size  is  rcdticeil  from  fi  pm  to  (l..f  nm|,''|  The  size  ellctis 
observed  in  llie.sr  ceramics  were  atliibiited  to  Ibe  esiiinsic  and 
iiilrinsic  cflecis  such  as  poie  volume,  low-K  grain  boiunlary  jiliase. 
and  miernpohir  tloinain  tlciisiiies.  Erom  ibe  literaluie  survey,  it 
ap|iears  tbat  ibe  propcities  of  llie  fine  giaiii  teituiiic  can  lie  mipmvfd 
by  initiimiziiig  the  ellecl  nf  csirinsic  variables  and  by  impinving  the 
hotiMigeneiiy. 

In  litis  pagier.  the  cffeel  nf  average  grain  size  on  the  low  and 
high  electric  field  prtiperlies  of  0  9()I’MN-()  Kll’l'  ceramic  is 
reported.  Ceramics  with  aveiage  grain  sizes  ranging  from  0  7  10  t  S 
put  were  prepared  from  vibratory  and  attrition  milled  (lowdeis 
Low  field  properties  .such  as  dielectric  constant  and  liigli  field 
properties  sucli  as  P-E  liysieresis.  pyroelectric,  electrostriclive  and  a 
few  of  the  electric  field  imiuerd  resonance  pro(Kiiics  were 
iiivesiigaied  as  a  fimciion  of  grain  size. 

E^pcfiiiiciiial 

Pieoafaiioii 

To  prepare  Ibe  ceramic  powder,  a  coolunibiie  precursor 
lechniipie  was  adople!j(7|  llie  ic  ■  iiesiiiin  oiobale  (uccursor  was 
prepared  by  calcining  the  appropriate  inixlure  of  MglXJ.T  Hakei. 
I'hillipsbiirg,  Nf)  and  NbjOy(Tran.sclco,  Nf)  at  lOOO'C/.'h  ami  then 
at  I  l(K)*C/fih  Hie  complelioti  of  feaclioii  ami  the  phase  purity  were 


checked  I'v  compaiiog  the  .XRIt  p.iiieiii  wuli  the  JCPDS  siaiid.iid 
Ihe  I’MNTM'  b.ilihes  wcie  pie(i.iieil  by  calctniiig  the  ap(iiopii.tle 
mixture  ol  Pb(  >1 1  l.imitiooil  I’otisiow  o  PA  i.  MgNI'it  1,^.  and  1 1(  K 
(Wbili.ike.  Claik.  ami  D.ioiel,  .Smtili  I’l.iiid lebl.  NJ )  povvilets  .11 
•MMl'C/'ili  ill  a  closed  almiiioa  cimiblc  lo  vaiy  the  iiiiiial  aveiage 
tiafliile  size.  Ibe  laKiiicil  pimilL’i  \i.is  viibjet  led  to  ibe  tnliint  iiig' 
gnnibng  .srliedide  lar^l.  the  pimdcr  w..-,  wci  b.dl  ludled  in  aliiili  d 
to  a  M.dgeiie  boillc  vi  till  /.i<  1 1  }.'i  itiiliittt  niedi.i  Im  2  III  Aik  a  di  y  mg . 
a  poitioo  ot  tlie  piiwilei  uas  vtbi.tloiv  oiillrill.Swtao)  liii  2  Hi  I  oi 
vibraioiy  mtlliog.  a  Ml  vul'i  slims  was  piepaied  wilh  walei  .tml  .1 
lew  limps  lit  I  .Hind  ‘101  w.i;  used  as  a  tbs(H*isaiil  In  iiiiiitniize 
coiilamioaiiiiii.  siiia'l  yilliia  si.il’ilized  /lOj  splieus  weic  used  as 
inilliiig  media  In  iiicieasr  the  sin I. ice  aiea  liniliet,  a  sniall  |iiiiiimt 
nf  the  vihraloiy  oidleil  shiny  was  ailiilioo  inillcdl Kclkuice I  ioi  ;ui 
additional  24li  Ihe  ball  nulled,  vibiatorv  iinlled.  and  attiiiioii 
niillcil  powders  neie  oaiiieil  as  halcb  A,  H.  and  C.  rcspectnclv 
I  be  7,i(  li  conianmi.ilion  les  el.  ami  iln-  it  I-.  I  smiace  area  ol  iliese 
powilers  are  listed  in  1  .ilde  I 

Hie  dried  pnwdei  was  gi.imilaled  with  *'  wl'/r  of  Dnpooi 
5201)  bimici  ill  .iiciooe  mcdi.i  Alter  p.issiog  Ihe  niixliiie  lltimigli  a 
IIMl  iiiesh  sieve.  1/2"  dia  disks  sveic  s  old  piesscd  in  a  steel  die  w  ith 
.fO.OIIO-  f  .s.nill)  psi  iiimiMal  pu-ssnie  I  he  bniilci  (lom  the  disks  «  as 
temoved  hy  a  issn  st.ige  lie.n  lie.iloiein  al  lOll'C/lh  and  llien  ai 
StXt'C/^b  tfu'se  I'cUets  weie  smk  ied  in  a  sbised  alinimia  cinciMe 
at  IIHIO- 1  250  (71  ^li  A  sill. ill  aiiioniii  of  f’bn  /lOi  nimine  svas 
ficaieil  along  wiili  the  pellets  10  i.oniiol  die  lead  oxide  imiiiis|ilteie 
iiisiilc  the  cincil’le  All  die  smieied  samples  weie  aimealed  al 
050  (  72b  lo  evapoiale  exr  ess  I’bl )  I  he  weighi  losses  ilmnig  these 
j'repaiaiioii  stages  weie  moimnicd  aiem.itelv 

Cjkuacleiizaiion 

file  hulk  ileosnies  ol  the  smieual  spin  miens  \s eie  t  ah  id.iied 
by  meastiiiiig  ibe  weiglii  <  h.inge  ni  XvUiie  the  giaui  size 
itisliihioiim  was  aiiali  zed  Inmi  the  nm  nisinn  nnes  ol  fr.klined  and 
polished  soil. lies  Ihe  mu  losiiiicliiies  weie  reioided  using  ISI 
DSl.fO  SccoikI.ii)  eleeiroii  oik  nisi  njie 

Dclaileil  cxi'eiimeiilal  deseiiplioiis  ol  ilieleeirie.  pyioeleeli u  . 
P  E  hysteiesis,  ami  elei  liosnu  live  nieasniciiienis  can  In*  fomnl  10 
Ref.K  Dielectric  measiiieiiicols  weie  made  on  gold  spulleicd  dwis 


I  ihlf  I  I'rntieiiios  ol  I'liwiler 
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whilf  Cdiiliiij:  Initn  IDO'C  to  -  MKfC  :il  :i  rsilr  of  2'{.7fiiMi  f  or 
pyrncln  itii’  itif iisiiiciiicnls.  ihr  eircifoticil  sample^  wetc  coolcti 
fioni  “iO'C  In  .75'C  willi  an  irlcilnt  licid  ni  1(1  KV/tm  Anrr 
iifulfalizinp  (lie  siitfacc  cliaipc.  (lie  p>tnelcc(ML  ciiifriil  "a"! 
iiiea>)iiif(l  liy  lieatiiip  (lie  cpeciiiifii  in  “iO  C  al  4‘C/tiiin.  for  I’-E 
liyiitf fesi<:  and  lr.Tii<;>iCise  elccirnsniuivr  mraiufcmenlK,  an  a  i 
(lianpular  field  (if  ±  Id  kV/cin  w  a';  applied  a(  a  (iei(iictii  v  of  d  I  llz 
riie  liansvetiie  ciraiii  ineamireinriils  weie  in.ide  w  illi  a  strain  paiipe 
tetlmn)ue  Uy  differenlialinp  E  vs  si  pKit.s.  -dji*  values  as  a 
fui  linn  of  elet  liic  field  iveie  lalciilaU'd 

AC  impediuite  iiieastneinenls  «e(C  perfnnned  on  tirtular 
disk  samples  nl  I  <  d  f  mm  «  illi  spniicted  silver  eleclntdes 
Resonance  ciiives  of  condiitiante  C!.  and  lesistante  R  of  llie 
samples  al  various  Inascs  were  rcioidcd  uiili  an  III’  4I‘>JA 
impedance  analyrei  al  25'C  Series  and  parallel  resonance 
Iretpicncies  f,  and  fp  of  lliickness  resonance  inode  viere  used  to 
calculale  k,  willi  the  eriiiation  piven  in  Rel  d 

R^uhsju  id  Uiscussiun 

riivsicu]  I’loueities 

The  density  and  weight  loss  data  of  hatch  H  and  batch  C 
samples  are  listed  in  Table  2.  In  general,  samples  sinieieil  al  hover 
lempcialute.s  show  slightly  hiplirr  density  due  in  liimletl  grain 
growth.  Among  the  twri  hatches,  as  the  initial  average  (lanicle  size 
of  C  was  lower,  it  siniered  to  compatalively  higher  densities  Al 
higher  sintering  temperatures,  as  the  grain  growth  mechanisms 
do  ninate.  fwlh  hatches  siniered  to  siniitai  densities  Whilt  haichiiig 
the  powders  for  ratcinalioii.  to  ensure  the  complelioii  of  reaction. 
O  .'i  wi'fr  esce.ss  PhfJ  was  added  lint  after  sinieintg  and  aiiiieahiig. 
higher  weight  hisses  weie  ohstrved  (  Vahle  2)  As  retained  hy  Wang 
and  Sciill7|<V|,  our  sam|'le  surfaces  also  showed  a  small  mimlief  of 
pytochhue  grains  Since  the  pyrochhue  is  lead  deficient  in  nature, 
excess  Pli<)  is  eva|Kirated  while  annealing 

F  he  I'olislied  and  fraciined  miciosiniciutes  of  a  few  of  the 
sinleted  samples  are  leprodiiced  in  Pig  I  The  mean  average  giain 
sizes  lor  all  llie  samples  rue  listed  w  iih  sliuidard  deviation  in  lahle  2 


I  able  2.  Physical  Piotteiiic.s  of  the  ceiamic. 
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I  ahle3  Uielecuic  l’to|>erties  of  die  cetaniic 
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Fig. 2.  effect  tif  average  grain  .size  on  K,„„  1  he  dielectric  con.sianl 
was  cuntfiensaied  for  jxirosity  with  Weiner's  rule 
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Tile  relevant  dielectric  profierlies  are  coinparetl  in  Table 
At  least  four  samples  were  used  to  calculate  the  (retceiitape  cliaiijte 
in  the  dielectric  constant.  'Hie  maxiimini  rlielecuic  cons'ant  ( 
after  compensating  for  porosity  witlt  Weiner's  et|uation|  l(l|,  is 
ptoted  in  Pig. 2.  as  a  function  of  average  grain  .size.  Coniparalively, 
the  of  the  samples  from  serie.s  U,  chatiges  as  a  strotig  function 
of  grain  size,  hi  both  baiciies,  reduces  drastically  when  the 
grain  size  is  <  I  pm. 


Tlie  effect  of  grain  size  on  the  P  vs.  T  behavior  is  compared 
in  Fig  3  aiKl  4.  To  plot  tliese  ngurcs.  tlic  polarization  was  calculated 
from  the  pyroelectric  current.  In  relasor  ferroelectric  materials.  I' 
vs  T  behavior  lielow  tlie  pyroelectric  depolai  ization  tentpetatiirc.  I 
reflecis  the  riegrec  of  coliesi venc.ss  among  macrotloinains.  Helow 
Tj,  if  ilte  inacrodomains  are  highly  stable,  AP.with  te.spect  to  A I 
will  be  small.  When  the  material  is  healed,  the  stable 
niacfodomains  will  convert  itito  niicrodnniains,  over  a  nariow 
temperature  interval  around  T,j.  In  our  inve.stigaiion,  the  samples 
sintered  at  higher  temperatures  show  lhc.se  liehavitits  very  cleatly. 
When  the  sintering  temperature  is  reduced,  iiicteasiugly  large 
changes  in  P  with  respect  to  temperature  is  observed  below  I',, 
More  over,  in  these  samples  the  niacrotlomaiiis  transform  iuio 
mictodotiiains  over  a  wider  temperature  arourut  l,|.  Cateful 
analysis  of  P  vs  T  behavior  (xhuts  out  the  impoilance  of  ptoper 
proce.ssing.  In  .scries  C  samples,  as  the  grains  were  grown  from 
finer  particles,  the  grtiin  size  clled  is  minimi/ed 

The  induced  polarization  and  the  transverse  strain 
characteristics  of  the  fine  graiti  samples  Irom  both  batches  show 
degriulation  of  propetties  litis  observation  is  cleatly  tlcnumsiiaied 
by  plotting  -dyi*  vs,  E  field,  as  a  fiitictioti  of  gtaiti  size  (big  3  and 
6)  Tliese  mcasutements  were  made  at  2S'C.  When  the  grain  size  is 
above  .1  pm,  a  niaxinuim  -d^|*  of  ahoiti  5(1(1  pC/N  is  oliserved. 
When  the  grain  size  is  reduced,  (be  mapuinide  of  uiiwiiuuiu  -dn* 
reduces  with  an  increase  in  the  corresponding  elec(ric  (teld 

The  piezneleciric  thickness  coupling  coeflicieiiis  calcitlaied 
from  the  re.sonance  curves  ob.served  at  tliffereni  d  c.  biases  ate 
plotted  in  Fig.  7  and  8.  Ihese  measiireincnts  were  made  at  25T; 
with  increasing  bias  voltages  In  both  batches,  coarse  grained 
samples  showed  increasetl  cou|iling  at  biwer  electric  fields  "I  be 
absolute  values  of  coupling  coefficients  also  increased  .ns  the  giain 
size  is  iiKteased. 


1  eiiiperalure  (°C) 

Fig. 3.  Polarization  vs  3  empetalnie  l>eli;>vior  of  batch  I)  .samples 


'I'einiierature  (°C) 


Fig  4  Polarization  vs  lemperauiie  l>elmvti)i  of  batch  C  samples 


K  l  ield  (V/CM) 


Fig..''.  I■.l(erltve  tiansveise  piezoelectric  d  coelficients  of  hatch  B 
stunples;  calculaieil  Imin  eicctiosiriciion  data 


K  Field  (V/CM) 


Fig.fi  F.ffective  transverse  pieznelecliic  d  coefficients  ol  batch  C 
samples;  calculated  from  cicctrosiriciioo  ilala. 
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bi.scu.s.siun 

As  iiictiliiiiicd  in  llic  iiili<>(lii(.li<in  stflnm.  the  giaiii  si/.c 
effect  fill  llie  pmprtiics  tuny  I'e  alirihitieil  tn  csttiiisic  ami  intiiiisic 
variahics  In  the  piesciil  samples,  thi'ingh  (aielnl  anncalittg  tlie 
ellect  111  cKliinsic  vaiiahles  aie  iiiimiiit/ed  I  in  exainpie.  112.  H  P 
B4  and  C2,  C.P  ("'I  samples  with  similar  weight  hisses  ami 
theiehite  with  similai  second  (ihase  vohtme  at  the  giain  liotiiKlaiy. 
show  noticcahle  dillerences  in  the  low  and  high  eleciitc  field 
piojierties  As  ohserved  in  all  the  pio|ieines.  large  grain  samples 
with  lower  tiensily  show  lietler  propeities  as  coniparerl  to  fine  giain 
samples  with  higher  tiensities 

Careful  analysis  of  the  the  low  and  high  electiic  field 
pto|)erlies  .show  clear  distinction  lietwcen  the  pro|ierties  of  series  I) 
and  series  C  sain|iles  Slight  depicssion  of  I  and  'l,|  in  series  C 
samples  may  I'e  allrihtiterl  to  the  higher  concentiation  of  7x**  ions 
ns  dofianti  I  l|  Consideiing  the  tivetage  giain  st/cs  of  all  these 
samples,  ranging  from  approximately  11.7  pin  to  only  If  pm.  it 
apiiears  that  the  sintciing  teni(ieratiiic  also  hifhiences  the  proi'Ciiics 
Idoni  the  surface  aica  of  the  milled  powders,  the  erpiivalcnl 
spheiical  diameter  of  the  seiies  H  and  seiies  ('  powders  aic 
cak'ttlaled  ns  (I  2.1  pm.  and  II  (Id?  pm,  respectively  Comparing  the 
grain  six.es.  it  is  clear  that  the  seiies  C  samples  shnw  at  least  I*' 
limes  grnwih  thiriitg  sintering  Hccaiise  of  this  grtiwlh.  it  is 
hypolhised  that  these  samples  ate  mnie  hontogeneinis  as  cninpaietl 
to  series  H  s.iiniilcs  licnec.  llw  lesser  innnence  nf  llic  average  grain 
six.c  nn  the  low  and  high  field  pttijicriics  nf  series  C  samples  may  he 
attrihiilcd  to  higlict  degree  nf  hninogeiictly. 


In  this  papei.  llie  dielecliit .  pyri'^leclric .  eleiltosiiiclive.  ."uid 
the  induced  picroelcclric  projieilies  of  (I  VDI’MN-O  IIII’I  ceramic 
are  ctniipaietl  as  a  function  of  grain  site  Coinpaiatively.  samples 
prepared  from  coarse  particle  compact  show  higher  grain  size 
depcntlance.  When  the  average  grain  size  is  arnund  3  5  pm, 
ittcspeclive  of  the  initial  powder  character islics.  the  ceramic  show 
similar  high  electric  held  properties.  Thtough  transverse  strain 
mcasnrcmcnls.  a  high  -dn*  of  .Mill  jiC/N  at  a  d  c  bias  of  4.700 
V/cni  is  observed  When  the  samples  were  prep.ated  from  very  fine 
powders,  ihc  inagnilmics  nf  dti*.  and  k,  reduces  only 

iiHHletalely  as  the  grain  size  is  reduced  to  I  ."i  pin  Since  the  effect 
ol  extrinsic  vaiiahles  such  as  density  and  the  grain  houndary  phase 
are  minimized  through  careful  preparation,  ilie  observed  grain  size 
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APPENDIX  44 


Extrinsic  contributions  to  the  grain  size  dependence  of  relaxor 
ferroelectric  Pb(Mgi/3Nb2/3)03:PbTi03  ceramics 
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A.  D.  Hilton  and  D.  J.  Barber 

Department  of  Physics.  University  of  Esse.x.  Wivenhoe  Park.  Colchester.  Essex.  United  Kingdom 
T.  R.  Slirout 

Materials  Research  Laboratory,  The  Pennsylvania  State  University.  University  Park,  Pennsylvania  16802 
(Received  16  July  1990;  accepted  24  November  1992) 

This  paper  addresses  ihe  observed  grain  size  dependence  of  the  dielectric  bchaviw  for 
Pb(Mg]/3Nb2/3)03:PbTi03  ceramics  grain  sizes  >1.0  /xm.  A  combined  transmission 
electron  microscopy  (TEM)  analysis  and  dielectric  characterization  are  modeled  with  a 
modified  brick  wall  approach..  From  this  model,  it  is  possible  to  extrapolate  information 
such  as  single  crystal  values  of  dielectric  maximum.  the  diffuseness  coefficient,  S, 
and  the  average  intergranular  thickness  for  relaxor  ceramics.  The  calculated  intergranular 
thickness  agrees  well  with  TEM  observations,  —2.0  nm.  This  semi-empirical  method  may 
be  potentially  useful  in  development  work  of  relaxor  ceramics  to  predict  the  optimized 
dielectric  properties  obtainable  within  microstruclural  restrictions. 


I.  INTRODUCTION 

Complex  lead-based  perovskites.  with  the  general 
formula  Pb(B| 83)03,  exhibiting  diffuse  frequency  de¬ 
pendent  dielectric  permittivities  are  commonly  referred 
to  as  relaxor  ferroelectrics.  A  typical  example  of  a 
relaxor  from  this  complex  lead  perovskile  family  is  the 
Pb(Mgi/3Nb2/3)03  (PMN)  compound.  Solid  solutions  of 
relaxor  PMN  and  the  first  order  ferroelectric,  PbTiOs 
(PT).  exhibit  many  attractive  properties  for  dielectric 
and  elcclrostrictive  applications.'  The  high  dielectric 
constants,  over  broad  temperature  ranges,  close  to  room 
temperature,  make  systems  like  (1  -  x)PMN:xPT(x  = 
0.07)  very  attractive  for  multilayer  capacitor  (MLC)  and 
actuator  applications.  In  several  previous  investigations 
for  the  dielectric  properties,  including  Kmtx  diffuseness 
(the  effective  width  of  the  maxima)  and  aging,  have 
been  shown  to  be  dependent  on  processing  variations, 
in  particular  the  role  of  grain  size  on  these  properties. 
These  earlier  investigations  did  not  lead  to  simple  inter¬ 
pretation,  partly  because  of  the  presence  of  second  phase 
pyrochlore.'  The  present  paper  successfully  interprets  the 
structure-property  relations  in  (1  -  .t)PMN:xP  T(x  = 
0.07)  ceramics,  using  good  processing  control,  dielectric 
characterization,  and  transmission  electron  microscopy 
techniques. 

II.  EXPERIMENTAL 

Polycrystalline  ceramic  disks  with  the  relaxor  com¬ 
position.  (1  -  x)PMN:xPT  (x  =  0.07),  were  prepared 
via  the  B-site  precursor  method.^  Both  reagent  grade 
and  high  purity  powders  were  used  in  this  study.  In 


processing  the  columbite  precursor,  the  poor  disper¬ 
sion  characteristics  associated  with  magnesium  carbon¬ 
ate  powders  were  addressed  using  both  steric  hindrance 
(polyelectrolyte  dispersant)  and  eledrosiatic  repulsion 
(pH  adjustment  by  ammonia)  in  conjunction  with  high 
energy  milling.  Upon  calcination  the  appropriate  amount 
of  PbO  was  added  followed  by  mixing  in  a  dispersant 
and  adjusting  the  pH  to  obtain  minimum  lead  dissolution. 
Calcination  at  700  *C  for  4  h  produces  the  desired  ingle 
phase  perovskite  powder.  Uniformity  and  reactivity  of 
PMN :  PT  powder  were  further  enhanced  by  milling. 
Grain  size  variations  in  the  PMNrPT  ceramics  were 
achieved  by  firing  samples  at  different  temperatures  and 
times,  as  reported  in  Ref.  3.  Significant  grain  growth 
through  longer  firing  times  was  not  found  to  be  effective. 

The  dielectric  measurements  of  ceramics  were  car¬ 
ried  out  on  an  automated  Hewlett-Packard  System.  The 
dielectric  constant  and  loss  were  measured  on  cooling 
at  various  frequencies  (100  Hz,  1  KHz.  10  KHz.  and 
100  KHz)  at  a  rate  of  4  *C/min. 

Transmission  electron  microscopy  (TE.M)  character¬ 
ization  was  performed  after  dielectric  characterization. 
Slices  were  cut  from  fired  disks  using  a  diamond  saw 
followed  by  grinding  to  a  thickness  of  ~30  /urn  using 
silicon  carbide.  A  copper  support  grid  was  glued  onto 
the  surface  of  each  polished  specimen  using  epoxy 
resin.  Electron  transparent  regions  vs  ere  obtained  by  ion- 
beam  milling  the  samples  with  an  Ion  Tech  argon  beam 
thinner  operating  at  an  accelerating  voltage  of  5  kV 
and  at  an  incidence  angle  of  15-30*.  Finished  TEM 
specimens  were  coated  with  a  thin  layer  of  carbon  in 
order  to  pre  ;nt  charging  within  the  electron  microscope. 
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TEM  observations  were  made  with  a  JEOL-200CX 
microscope  and  a  Pliilips  420  STEM,  both  equipped 
with  a  LINK  systems  energy  dispersive  x-ray  spectro- 
ntetcr  (EDS). 

III.  RESULTS 

A.  Physical  and  dielectric  properties 

The  general  characteristics  of  PMN :  PT  ceramic 
samples  as  a  function  of  thermal  history  are  summa¬ 
rized  in  Table  I.  All  the  samples  possessed  densities 
greater  than  95%  of  the  theoretical  8.11  g/cm’.  The 
weight  loss  during  sintering  was  confined  to  the  range 
of  0.5-  1.5  vvi.  %  with  slightly  higher  losses  occurring 
in  samples  processed  at  higher  temperatures.  Annealed 
samples  and  samples  fired  in  BaZrOj  sand  showed  only 
marginal  differences  in  weight  loss.  It  should  also  be 
mentioned  tliat  x-ray  analysis  of  PMN :  PT  ceramics 
were  phase  pure  wiili  no  evidence  of  pyrochlore  or  PbO 
phases. 

The  magnitude  of  dielectric  constant  (0.1  KHz) 
versus  grain  size  (gs)  is  presented  in  Table  I,  and  is 
shown  in  Tig.  I  (both  from  Ref.  3).  For  all  ceramics 
studied,  the  values  are  relatively  high  compared 
to  those  reported  in  the  literature;  this  is  believed  to 
be  owing  to  the  overall  care  in  processing.  Clearly 
the  value  of  for  a  given  frequency  increases  and 
the  diffuseness  of  the  dielectric  temperature  dependence 
decreases  with  increasing  grain  size. 

B.  Microslructural  analysis 

Intergranular  boundaries  examined  in  samples  pre¬ 
pared  in  this  study  used  standard  TEM  under  focus/over 
focus  brialit  field  Fresnel  fringe  contrast  and  lattice 
fringe  imaging  techniques.''-’  Under  focus/over  focus 
Fresnel  images  of  the  grain  boundary  are  shown  in 


TEMPERATURE  (’C) 


FIG.  1.  Variaiion  of  Ihe  dielectric  consuni  tempeniure  dependence 
(100  III)  will)  a  grain  size  in  PMNiPT  (0.93:0.07)  ceramics. 

Figs.  2(a)  and  2(b),  respectively.  A  typical  lattice  fir¬ 
ing  image  of  the  grain  boundary  phase  in  a  coarse 
grain  reagent  grade  sample  is  illustrated  in  Fig.  2(c).  As 
shown.  {100}  planes  (0.407  nm)  have  been  imaged  in 
adjacent  edge-on  grains,  clearly  showing  a  discontinuity 
between  the  two  sets  of  lattice  fringes.  The  thicknesses 
of  those  intergranular  glassy  phases  were  found  to  be 
approximately  ~2  ±  1  nm  with  little  measurable  vari¬ 
ations  in  thickness  cither  along  lengths  of  individual 
boundaries  or  throughout  each  sample.  This  was  also 
found  to  be  true  for  samples  processed  with  excess 
PbO  addition.  It  is  important  to  point  out  that  within 
the  bonds  of  our  processing  variables  a  grain  boundary 
phase  was  always  found  using  these  standard  techniques. 
This  includes  the  starting  powder  purity,  namely  from 
reagent  grade  to  high  purity  powders  (^99.99%)  and 
the  firing  of  sioichiometrically  batched  PMN:PT  under 
conventional  and  hot-pressing  and  also  after  annealing. 


TABLE  I.  Processing  eondiiions  and  general  characierislicsof  0.93  PMN:  0.07  PT  ceramics. 


Fifing  condition 

wt,  loss  % 

P  (g/cm’) 

Crain  size 

ATm.. 

-C 

SCO 

950  ‘C  -  0.5  h 

0.5 

7.4 

i.5  fim 

11500 

24 

58 

-  4h 

0.7 

7.83 

2.0  fim 

13000 

22.8 

50 

-48  h 

0.6 

7.88 

2.0  ^m 

20300 

39 

1050  ’C  -  0.5  h 

0.8 

7.88 

2.0  ^m 

12600 

20.6 

57 

(Zirconuie  sand) 

-  4  h 

(0.97) 

0  5 

7,91 

3.0  /im 

(14  800) 

15  700 

20.5 

(47) 

44 

-20  h 

1.1 

7.89 

3.0  fi-tn 

18  SCO 

22,2 

43 

1 1 50  ‘C  -  0.5  h 

0.7 

7,87 

3.0  ^m 

13  500 

19,7 

48 

(Zitconale  sand) 

-  4h 

(0.87) 

10 

7.88 

3.0  rrm 

(15 100) 
17800 

(47) 

43 

1250  'C  -  05  h 

1.1 

7.84 

5.0 

17  500 

44 

- 

1.2 

7.82 

6.5 

20  800 

18,4 

42 

-20  h 

1.45 

7.76 

9.0  /zm 

22  800 

17.9 

39 

1300  *C  -  0,5  h 

l.l 

7.82 

6.0 

21000 

18.7 

41 
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A  direct  chemical  analysis  of  the  gram  boundary  phase 
could  not  be  obtained  owing  to  the  smalt  scale  of  the 
boundaries.  However,  the  phases  are  most  likely  Pb-rich 
due  to  the  low  melting  poi  of  this  constituent  and  the 
recent  SIMS  study  (Secondary  Ion  Mass  Specuoscopy) 
by  Wang  and  Schulze.* 

Second  phases  were  found  at  all  triple  points  in  the 
coarse-grained  materials  prepared  from  reagent  powders 
regardless  of  firing  condition  or  composition  (excess  up 
to  2  at.  wt.  %  PbO).  A  representative  example  of  triple 
junction  phase  is  shown  in  Fig.  3(a).  The  EDS  analysis 
revealed  that  the  second  phase  was  rich  in  lead  and 
contained  impurity  elements,  .41,  Si,  P,  and  S.  as  shown 
in  Fig.  3(b).  This  result  is  consistent  with  the  finding  of 
Gorton  ei  alJ  As  the  triple  points  are  continuous  with 
the  grain  boundaries,  similar  compositions  arc  expected 
in  the  grain  boundaries.  Similar  “dirty"  triple  junctions 
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FIG  2  {a).(b)  Undcr-overfocus  micrograph  images  of  grain  boundary 

phase  in  FMN  :PT  ceramics;  reversal  of  contrast  implies  presence  of 
grain  boundary  phases,  (c)  Laltice  fringe  image  of  grain  boundary 
phase  in  PMN;PT  ceramic. 


no.  3.  (A)  Glassy  phase  found  at  uiple  point  in  reagent  grade 
PMN ;  PT  ceramics.  (B)  EDS  spectrum  from  triple  point  in  reagent 
grade  PMN.  PT. 
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svere  observed  in  all  reagent  grade  ceramic  samples.  We 
draw  attention  to  the  rounded  grain  boundaries  at  the 
triple  points,  suggesting  that  a  phase  was  liquid  during 
sintering.  Triple  points  of  high  purity  ceramics  were 
found  to  be  clean  and  free  of  any  second  phase  (Fig.  4). 


IV.  DISCUSSION 

From  the  microstructural  studies  given  here,  we  ex¬ 
pect  the  observed  continuous  intergranular  glassy  phase 
of  thickness  ~2  ±  1  nm  to  reduce  the  dielectric  constant 
of  the  0.93  Pb(Mgi/3Nb2/3)03 :0.07  PbTi03  ceramics. 
There  may  be  slight  variations  in  the  thickness  of  this 
grain  boundary  phase  owing  to  different  crystallographic 
orientations  between  adjacent  grains,  but  there  is  no 
evidence  of  an  inhomogeneous  distribution  of  a  glassy 
lead  phase,  as  found  in  tnodified  Pb(Zr,Ti)03  ceramics.’ 

In  general,  a  ceramic  niicrostructure  is  a  mixture  of 
parallel  and  series  intergranular  boundaries.  The  series 
boundaries  in  this  system  will  dominate  the  dielectric 
constant  owing  to  the  small  volume  fraction  of  glassy 
phase  existing  and  the  amorphous  nature,  implying  a 
low  dielectric  constant  relative  to  ferroelectric  grains. 

Hence,  a  series  mixing  law  can  be  applied  to  this 
problem  in  the  form: 


1_ 

K 


1 

RK*^ 


where  R  = 


{t>) 

{tt») 


(1) 


and  where  K*  *=  dielectric  constant  of  grain, 

=  dielectric  constant  of  grain  boundary, 
(r*)  =  mean  grain  size,  and 

mean  grain  boundary  thickness. 


Qualitatively,  we  can  expect  a  relative  change  of  dielec¬ 
tric  constant  owing  to  the  variation  of  the  ratio  R  with 
grain  size  according  to  Eq.  (1).  However,  to  demonstrate 


FIG.  4.  Clear  triple  point  In  high  purity  PMN:PT  ceramics. 


the  relative  importance  of  this  effect  compared  to  other 
possible  intrinsic  effects,  we  need  to  consider  the  di¬ 
electric  permittivity' s  temperature  dependence  at  fi.xed 
frequencies,  as  this  allows  us  to  also  account  for  the 
influence  of  both  K^ix  and  diffuseness  with  grain  size 
in  the  rclaxor  systems. 

In  some  fence lectrics  such  as  BaTi03.  there  is  a 
spontaneous  strain  ~l%  at  the  phase  transition.  Vrlthin 
a  ceramic  each  grain  stresses  at  its  neighbor  at  the 
transition  and  causes  changes  to  the  elastic  boundary 
conditions  of  each  grain.  These  self-induced  stresses 
have  an  effect  on  the  dielectric  permittivity  of  the 
BaTi03  grains.  This  is  especially  important  in  BaTi03 
ceramics  with  grain  sizes  —1.0  ptm.  as  discussed  in 
detail  in  Refs.  9  and  10.  In  relaxor  ferroelectrics  there  is 
very  little  spontaneous  strain,  and,  hence,  intergranular 
stresses  are  assumed  to  be  negligible.  So  a  relaxor  single 
crystal  dielectric  permittivity  is  comparable  to  the  indi¬ 
vidual  grain  electric  permittivity  for  grains  5*1.0  p.m. 


So  AT’  =  K’  where  is  the  crystal 

dielectric  constant.  (2) 


The  temperature  dependence  of  a  relaxor  single  crystal 
dielectric  at  fixed  frequency  can  be  described  by  the 
semi-empirical  relationship  of  Smolenskii": 


_L  =  J_  +  (?•  - 


(3) 


where  K‘  =  dielectric  constant  of  the  single  crystal 
relaxor, 

^mtx  “  maximum  dielectric  constant  of  single 
crystal  relaxor, 

=  temperature  corresponding  to  dielectric 
constant  maximum,  and 

8,  =  the  diffusencss  coefficient  of  single  cry  stal 
relaxor. 


The  temperature  dependence  of  the  inverse  dielectric 
constant  in  relaxor  ferroelectrics  does  not  follow-  the 
Curie-Weiss  behavior  in  the  region  of  the  ATmn  in 
rclaxors.'® 

Combining  Eqs.  (1),  (2),  and  (3)  allows  us  to  model 
the  average  dielectric  constant  K  of  the  ceramic  relaxor 
as  a  “function  of  temperature: 


K 


( 


-- 


-I- 


'(r  - 


(4) 


By  equating  (3)  and^),  we  obtain  the  dielectric  mi.xing 
law  of  the  ceramic  as  a  relationship  between  the 
series  mixing  of  single  crystal  dielectric  constant  and 
grain  boundary  dielectric  constants. 

J_  .  ^  +  1_L  (5y 
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In  addition,  we  also  note  that  there  i^  a  constant 
dependence  of  the  diffuseness  product  for  a 

given  composition  of  relaxor  ferroelectric  at  a  constant 
density, 

~  (6) 

Hence  S^K^.,  is  constant  for  all  grain  sizes  (l/f,). 
provided  the  only  variations  in  S  and  arc  owing 
to  an  extrinsic  grain  boundary  phase.  For  the  PMN ;  PT 
(0.07)  ceramics  studied  here,  we  can  observe  in  Fig.  5. 
that  S^KtntLX  is  constant  for  a  broad  range  of  grain 
sizes,  suggesting  grain  boundary  thickness  and  grain  size 
dielectric  constants  extrinsically  influence  Using 

a  plot  of  this  type,  we  can  extrapolate  the  single  crystal 
values  of  5,:/:*,,. 

To  complement  these  results  plotting  vs 

as  in  Fig.  6,  additional  information  can  be  ob¬ 
tained  from  Eq.  (5).  The  intercept  of  the  y-axis  gives 
s'op®  corresponds  to  Us¬ 

ing  typical  values  of  lead  glass  for  grain  boundary 
dielectric  constant  =  20  predicts  an  average  grain 
boundary  thickness  (r,*)  —  1.8  nm.  This  theoretical  pre¬ 
diction  agrees  very  well  with  the  TEM  observations 
on  these  ceramic  samples  —l-O  nm  ±  1.0  nm.  Using 
the  intercept  of  s  29000  (at  100  Hz),  we  can 
predict  a  corresponding  diffuseness  coefficient  8,  =  38 
for  single  crystal  PMN ;  PT  (0.07).  No  single  crystal  data 
of  dielectric  K^ix  or  8  are  known  for  single  crystal 
PMN :  PT  (0.07).  _ 

A  technique  for  characterizing  8,  and  (r<t*) 

from  dielectric  data  and  grain  size  information  is  demon¬ 
strated  for  an  important  relaxor  ferroelectric  ceramic. 
P.VIN ;  PT  (j:  =  0.07).  This  methodology  may  be  of 
use  to  the  industrial  ceramic  processing  engineer  when 
optimizing  the  properties  of  a  given  rela.xor  system  in 
which  no  single  crystal  data  are  available. 
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Fig.  5.  Varijiion  of  fi’Am.i  and  grain  size  for  PMN:PT  reagenl 
grade  ceramics. 


FIG.  6.  Variations  of  l/Afmii  and  grain  size  for  PMN :  PT  reagent 
grade  ceramics. 
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A  new  type  of  barrier  layer  capacitor  is  described  utilizing 
thin  glass  layers  on  highly  conducting  ceramics  of  barium 
plumbate  and  barium  bismuth  plumbate.  The  frequency 
dispersion  of  the  apparent  dielectric  constant  has  been 
explained  using  a  modified  version  of  the  Maxwell-Wagner 
model.  These  capacitors  have  a  low  temperature  coefficient 
of  capacitance  and  a  high  dispersion  frequency  in  the  mega¬ 
hertz  range.  Simple  processing  conditions  together  with  low 
firing  temperature  make  it  possible  to  produce  the  barrier 
layer  capacitors  inexpensively. 

I.  Introduction 

The  demand  for  capacitors  of  small  size  and  large  capaci¬ 
tance  has  increased  recently  because  of  the  rapid  miniatur¬ 
ization  of  electronic  circuits.  This  trend  is  reflected  in  the 
development  and  widespread  application  of  multilayer  ceramic 
capacitors'  and  barrier  layer  capacitors.-  Because  of  the  lower 
operating  voltage,  barrier  layer  capacitors  utilizing  a  thin 
dielectric  layer  have  become  feasible.  A  method  of  fabricating 
barrier  layer  capacitors  with  highly  conducting  ceramic  grains 
is  described  in  this  paper. 

Barrier  layer  ceramic  capacitors  are  normally  fabricated  by 
forming  an  insulating  layer  on  the  surface  of  the  grains  of  semi¬ 
conducting  ceramics  such  as  barium  titanate.'  strontium  titan- 
ate.*  and  modified  compositions  of  the  titanates  described  in 
this  paper '  "  They  have  been  widely  used  because  of  their  large 
apparent  dielectric  constant  ( 10*),  small  temperature  coefficient 
of  permittivity,  and  high  dispersion  frequency  ( 10*  Hz). 

In  order  to  produce  barrier  layer  capacitors  having  a  large 
apparent  permittivity,  it  is  necessary  to  sinter  ceramic  materials 
so  that  the  semiconducting  ceramic  contains  grains  ranging 
from  50  to  100  jim  in  size.'  To  obtain  disks  of  semiconducting 
ceramic,  a  two-step  process  is  often  used.*  In  the  first  step,  a 
semiconducting  ceramic  composition  is  sintered  and  subse¬ 
quently  converted  to  a  semiconducting  state  by  heating  in  a 
reducing  atmosphere.  Then  either  the  surface  of  the  semicon¬ 
ducting  disk  is  reoxidized,  or  an  insulating  oxide  is  diffused 
into  the  disk.  The  disk  is  then  electroded  and  lead  attached  to 
form  the  finished  capacitor  product. 

An  important  objective  of  the  present  work  is  to  provide  con¬ 
ducting  ceramic  compositions  for  barrier  layer  capacitors  which 
have  high  permittivity,  low  loss  factor,  stable  temperature  coef¬ 
ficient  of  capacitance,  high  insulating  resistance,  and  high  cut¬ 
off  frequency  at  relatively  low  cost.  The  conducting  ceramics 
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selected  for  this  investigation  were  barium  plumbate  and  bar¬ 
ium  bismuth  plumbate.  These  compounds  belong  to  a  family  of 
conducting  perovskites,'"' 

it  is  clear  from  Maxwell-Wagner  dispersion  theory  that  a 
decrease  of  the  grain  interior  resistivity  will  shift  the  capaci¬ 
tance  dispersion  in  th&direciion  of  higher  frequency  Because 
the  conductivity  of  semiconducting  strontium  titanate  is  higher 
than  that  of  semiconducting  barium  titanate  ceramics,  the  cut¬ 
off  frequency  of  the  barrier  layer  capacitors  based  on  strontium 
titanate  is  100  times  higher  than  that  of  capacitors  based  on  bar¬ 
ium  titanate,"  The  work  described  in  this  paper  has  shown  ihai 
the  cutoff  frequency  can  be  further  improved  in  barrier  layer 
capacitors  fabricated  from  more  conducting  barium  plumbate 
and  barium  bismuth  plumbate  compositions. 

f/>  Sample  Preparation 

Barium  carbonate  (AR  grade.  J.  T.  Baker  Chemical  Co  . 
Phillipsburg,  NJ).  lead  oxide  (lOOY  Litharge  Hammond  Lead 
Products  Inc.,  Pottstown,  PA),  and  bismuth  oxide  (AR  grade. 
Fisher  Scientific.  Fairlawn.  NJ>  were  used  as  starting  materials 
to  obtain  various  solid  solutions  in  the  series  BalBi.Pb,  ,)0, 
where  0  £  .t  s  0.25;  the  composition  BalBi,  jPb.  jO,  is  desig¬ 
nated  as  BBP  and  BaPbO,  as  BP.  The  batched  maienals  were 
bail-milled  for  10  h  in  a  polyethylene  Jar  using  zirconia  grind¬ 
ing  media  a"d  deionized  water.  The  slurry  was  dried  at  I  I0°C 
for  4  h.  The  dried  powder  was  calcined  in  a  flowing  oxygen 
atmosphere  for  12  h  at  SSO^C  as  recommended  by  Gilbert 
Oxygen  was  allowed  to  flow  in  a  tube  furnace  at  the  rate  of  0 Ol 
standard  cubic  meter  per  hour  (SCMH)  or  2.5  standard  cubic 
feel  per  hour  (SCFH)  This  powder  was  found  to  be  single¬ 
phase  by  X-ray  diffraction.  The  calcined  powder  was  apin 
milled  in  a  polyethylene  jar  for  8  h  and  the  slurry  was  dried 
The  dried  powder  was  mixed  with  a  polyvinyl  binder  and 
sieved  through  No.  lOO-mesh  screen  to  obtain  free  flowing 
granules.  The  preweighed  (about  1  g)  granules  were  pressed 
intodisksof  1.4  x  10*' m  diameter  and  I  x  I0*'to2  x  10  ' 
m  thick.  The  average  green  density  of  these  pellets  was  about 
50%  to  60%  of  the  theoretical  density.  The  green  pellets  were 
heated  at  about  550^  for  6  h  lo  bum  out  the  binder.  The  pellets 
were  then  sintered  at  950'’C  for  30  min  in  an  oxygen  atmosphere 
with  a  flow  rale  of  0.07  SCMH  or  2.5  SCFH  using  a  healing 
rate  of  lOCC/h.  Cooling  was  carried  out  by  turning  off  the 
power  to  the  furnace. 

In  order  lo  form  a  barrier  layer,  several  glasses  (.see  Table  ll 
were  diffused  over  the  major  surfaces  of  disks.  The  glasses 
were  powdered  using  a  mortar  and  pestle  and  passed  through  a 
325-mesh  screen.  The  fine  powder  was  then  mixed  with  ace¬ 
tone  to  form  a  paste.  The  paste  was  brushed  onto  one  side  of  the 
ceramic  disks  and  dried  in  an  oven  at  100°C  for  30  min  to  dr<ve 
out  the  acetone.  The  glass-coated  disks  were  then  heated  in  a 
furnace  at  various  temperatures  in  the  range  400°  to  9(X)°C  for 
periods  ranging  from  5  to  30  min.  After  diffusing  glass  on  one 
major  face  of  a  disk,  the  other  surface  was  also  coated  with 
glass  powder  and  the  process  was  repeated.  Gold  was  sputtered 
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Table  I.  Melting  Points  of  Various  Glasses  Used  in  the 
Fabrication  of  Barrier  Layer  Capacitors 


CompoMlum 

Meiling  point 

ro 

Li,0-3B,0, 

800 

Li,0-5B.O. 

900 

Solder  glass* 

560 

Pb.Ge.O,, 

750 

EO 

750 

i  PW)  if?6  ()).  BO  1 14  U).  ZnOi  }0  5i.  Al  O.  <3  5).  B>.0. 

Q  ih.  C’uO  1 2  (h.  and  StU.  {2  Ol  'Supplied  by  Cuming  Gla\N  Winiis.  Ct»niing.  NY. 
and  jpprtuiimjlc  cump<»MiKm  PbO-Ga.O.-BiX), 


onto  the  glass-covered  disks  to  form  electrodes  on  the  major 
faces 

(2)  Measurements 

The  capacitance  and  dissipation  factor  of  the  barrier  layer 
capacitors  were  measured  over  a  wide  range  of  temperatures 
(  —  55°  to  I50°C)  and  frequencies  (10'  to  10"'  Hz).  To  measure 
the  capacitance  and  dissipation  factor  at  low  frequencies  (<10" 
Hz),  automated  LCR  bridges  (HP4274A  and  HP4275A.  Hew¬ 
lett-Packard.  San  Diego.  CA)  were  utilized.  The  lead  wires  of 
the  sample  were  connected  to  a  test  fixture  which  was  directly 
connected  via  a  coaxial  cable  to  the  appropriate  LCR  bridges. 
The  lead  capacitance  was  compensated  by  calibrating  the 
bridges  under  both  the  "shorted  "  and  "open"  conditions. 

The  fixture  connected  to  the  sample  was  placed  in  a  copper 
container  which  both  provided  physical  protection  and  acted  as 
a  heat  sink  The  temperature  was  controlled  in  an  eiectricai 
resistance  box  oven  (Delta  design  2300)  interfaced  to  a  desk¬ 
top  computer  (HP08I6A,  Hewlett-Packard)  which  controlled 
the  rate  of  cooling  by  regulating  the  flow  of  liquid  nitrogen  into 
the  oven.  The  same  computer  was  used  for  on-line  control  of 
automatic  measurements  through  a  HP6904B  multiprogrammer 
and  an  HP59500A  multiprogrammer  interface. 

The  dielectric  constant  and  the  dissipation  factor  for  several 
barrier  layer  capacitors  of  composition  BP  and  BBP  were  mea¬ 
sured  at  high  frequencies  (10’  to  10'"  Hz)  using  the  reflection 
technique  of  an  rf  impedance  analyzer  (HP  419IA).'^  '*  This 
method  is  bused  on  the  fact  that  an  electromagnetic  wave  inci¬ 
dent  on  a  dielectric  is  partially  reflected.  A  standing  wave 
results  from  the  interference  of  forward  propagating  and 
reflected  waves,  which  can  be  related  to  the  impedance  of  the 
sample.  The  dielectric  constant  and  loss  factor  can  be  calcu¬ 
lated  from  the  impedance  by  a  lumped  or  distributed  circuit 
technique.  The  lumped  impedance  method  assumes  the  electric 
field  to  be  uniform  throughout  the  sample.  This  is  especially 
useful  for  low-Af  materials  in  which  the  wavelength  of  the  elec¬ 
tromagnetic  wave  is  much  larger  than  the  sample  thickness.  The 
distributed  impedance  method  accounts  for  a  significant  portion 
of  the  electromagnetic  wave  in  the  dielectric. 

II.  Results  and  Discussion 

In  this  section  dielectric  properties  and  their  modeling  for 
barrier  layer  capacitors  of  composition  BP  and  BBP  arc  dis¬ 
cussed.  A  modified  version  of  the  Maxwcll-Wagncr  model  was 
applied  to  explain  the  behavior  of  the  apparent  dielectric  con¬ 
stant  and  dissipation  factor  with  frequency. 

(I)  Barrier  Layer  Capacitor  of  Composition  BP 

The  dielectric  properties  described  here  were  measured  on  a 
disk  barrier  layer  capacitor  fabricated  with  solder  glass  (Table 
I).  intentionally,  a  thick  layer  of  about  I  to  2  mm  was  coated  on 
the  barium  plumbate  ceramic  as  a  conductor.  The  apparent 
dielectric  constant  and  the  dissipation  factor  at  room  tempera¬ 
ture  were  60  and  0.03.  respectively,  at  10  kHz  measuring  fre¬ 
quency  The  variations  of  the  apparent  dielectric  constant  and 
the  dissipation  factor  with  temperature  are  shown  in  Figs.  I  and 
2.  respectively.  The  dielectric  properties  of  the  barrier  layer 
capacitor  of  this  composition  arc  attributable  to  the  diffused 


Fig.  I.  Vanaiion  of  ihe  apparent  dieleciric  constant  with  lemperaiure 
and  frequency  o(  the  disk  barrier  layer  capacitor  of  composition  BP 


glass.  The  variations  shown  in  Figs.  I  and  2  are  typical  of  the 
solder  glass.  At  high  temperature  both  the  apparent  dielectric 
constant  and  the  dissipation  factor  increase  because  of  the  ionic 
conduction  in  the  glass. 

(2)  Model  for  the  Barrier  Layer  Capacitor  of  Compcsiticr. 
BP 

The  classical  Maxwell-Wagner  model  is  used  to  explain  the 
variation  of  the  apparent  dielectric  constant  and  the  dissipation 
factor  with  respect  to  frequency  at  room  temperature  As  dis¬ 
cussed  by  Von  Hippcl.'"  the  real  {K')  and  imaginary  (A")  pans 
of  the  dielectric  constant  are  given  by  the  follow  ing  equations; 
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where 


(3) 


The  parameters  listed  in  Eqs.  (I )  to  (3)  are  defined  in  Table  11 
where  values  were  obtained  from  Fig.  3.  These  parameters 
were  used  to  calculate  the  real  part  of  the  apparent  dielectric 
constant  of  the  barrier  layer  capacitor.  The  measured  and  calcu¬ 
lated  values  of  the  real  part  of  the  apparent  dielectric  constant 


TEMPERATURE  CC) 

Fig.  2.  Variation  of  the  dissipation  factor  with  lemperaiure  and  ire* 
qucncy  of  the  disk  bamcr  layer  capacitor  of  composition  BP 


Table  fl.  Parameters  of  the  Lumped  Circuit  for  the 
Barrier  Layer  Capacitor  of  Composition  BP 

Low-frequency  apparent  dielectric  constant.  AT,  =  60 
High-frequency  apparent  dielectric  con.stant.  A';  =  30 
Cutoff  frequency. Xw,  =  2  x  lO’Hz 
Relaxation  time.  T  =  7.95  x  10  ’'s 
Relaxation  time.  T,  =  1.77  x  10  ' 's 
Relaxation  time.  T,  =  9,15  x  |() 


are  plotted  as  a  function  of  frequency  in  Fig,  3.  There  is  a  good 
agteemenl  between  the  measured  and  calculated  values.  The 
increase  of  the  real  part  of  the  apparent  dielectric  constant  mea¬ 
sured  at  frequencies  greater  than  10"  Hz  can  be  attributed  to  the 
measuring  apparatus. 

By  assuming  the  known  value  of  the  imaginary  part  of  the 
apparent  dielectric  constant  (AC')  at  the  particular  frequency,  the 
relaxation  ti>  r,  i.s  calculated.  Using  the  known  values  for  K,. 
T.  T|.  and  T;.  the  dissipation  factor  tan  6  was  calculated  using 
Eq  (‘»). 


The  measured  and  calculated  values  of  the  dissipation  factor  are 
plotted  against  the  frequency  as  shown  in  Fig.  4.  Here  also  the 
calculated  values  agree  very  well  with  the  measured  values. 
Again  the  ri.se  in  the  measured  dissipation  factor  at  high  fre¬ 
quencies  can  be  attributed  to  the  instrumentation  used 

0}  Barrier  Layer  Capacitor  of  Composition  BBP 

Disk  barrier  layer  capacitors  of  composition  BBP  were  fabri¬ 
cated  using  the  glass  EO  (Table  1).  Figures  5(a)  and  (b)  are 
scanning  electron  micrographs  of  a  sintered  disk  of  composi¬ 
tion  BBP  before  and  after  glass  diffusion  In  Fig  5(bl,  the  dark- 
colored  phases  are  the  conducting  grains  and  are  surrounded  by 
bnghi  grain  boundaries.  The  grain  boundary  is  probably  the 
glass  phase  and  its  thickness  is  estimated  to  be  1  urn. 

At  room  temperature,  the  apparent  dielectric  constant  of  the 
barrier  layer  capacitor  at  1  kHz  was  about  30(X)  with  a  dissipa¬ 
tion  factor  of  0.02.  The  apparent  dielectric  constant  (3000)  of 
the  barrier  layer  capacitor  was  much  higher  than  (hat  of  the  bar- 
ner  layer  capacitor  fabricated  with  composition  BP  The  varia¬ 
tion  of  the  change  of  capacitance  with  respect  to  room 
temperature  ts  plotted  against  the  temperature  measured  at  I 
kHz  in  Fig.  6.  As  we  observe  from  Fig.  6.  the  barrier  layer 
capacitor  has  a  very  stable  temperature  coefficient  of  capaci¬ 
tance;  the  variation  in  the  measured  temperature  range  is  less 


10’  10*  10*  10*  10*  10*  10*  10*  10*  10’® 
FREQUENCY  (Hz) 


Fig.  3.  Calculated  and  measured  values  of  the  apparent  dielectric 
constant  vs  frequency  at  room  temperature  for  the  disk  barrier  layer 
capacitor  of  composition  BP. 
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Fig.  4.  Calculated  and  measured  values  of  the  dissipation  factor  vs 
frequency  at  room  temperature  lor  the  disk  barrier  layer  capacitor  of 
composiiion'BP 


than  1^.  It  is  Ic  be  noted  that  the  variation  of  capacitance  with 
respect  to  temperature  meets  'he  requirement  of  Class  I  type 
dielectrics.  The  variation  of  the  apparent  dielectric  constant 
with  temperature  is  linear  as  in  the  case  of  the  di.sk  barrier  layer 
capacitors  made  with  composition  BP.  and  is  attributed  to  the 
diffused  glass. 

In  an  attempt  to  determine  the  reliability  of  BBP  capacitors, 
the  hot  insulation  resistance  was  measured  at  a  temperature  of 
85°C  by  applying  an  electric  field  of  100  V^m  for  10  h.  The 
insulation  resistance  is  plotted  against  temperature  in  Fig  7  It 
is  to  be  noted  that  the  average  resistance  was  10'  fl  for  the  dura¬ 
tion  of  the  measurement  run  ( 10  h)  The  insulaiiim  resistance  of 
these  bari.er  layer  capacitors  did  not  decrease  as  rapidly  as  that 
of  the  capacitors  prepared  from  barium  liianaie  ceramics.  The 
dielectric  properties  exhibited  by  the  barrier  layer  capacitors  of 
composition  BBP  arc  those  of  the  diffused  glass 

f4)  Model  for  the  Disk  Barrier  Layer  Capacitor  of 
Composition  BBP 

As  mentioned  in  the  experimental  procedure,  several  temper¬ 
atures  and  periods  of  glass  diffusion  were  used  to  fabricate  the 
barrier  layer  capacitors  In  order  to  estimate  the  thickness  of  the 
dielectric  layer  of  the  disk  barrier  layer  capacitor,  the  two  sur¬ 
faces  of  the  disk  were  polished  gradually  and  their  surface  con¬ 
ductivities  were  measured  using  a  multimeter  (Micronta  Digital 
Multimeter  Model  No.  22-1984,  fort  Worth.  TX)  When 
approximately  lOO-txm  thickness  of  the  surface  disk  was 
removed,  the  polished  surface  became  conducting,  as  indicated 
on  a  multimeter  by  a  short  circuit.  The  other  face  also  became 
conducting  when  approximately  the  same  thickness  was 
removed  by  polishing  This  result  suggests  that  the  thickness  of 
glass  diffusion  on  either  side  of  the  disk  barrier  layer  capacitor 
is  about  100  p-m. 

The  scanning  electron  micrograph  shown  in  Fig  5(b)  is  a 
cross  section  of  the  dielectric  layer  which  shows  that  the  dark 
conducting  grains  of  10-pm  size  are  surrounded  by  l-pm-thick 
dielectric  grain  boundaries.  Hence,  in  the  disk  barrier  layer 
capacitor,  we  have  two  grain  bound.irv  dielectrics  on  either  side 
of  the  disk  separated  by  the  conducting  bulk  ceramic  of  compo¬ 
sition  BBP.  A  schematic  diagram  of  the  barrier  layer  capacitor 
depicting  the  grain  boundary  and  surface  barrier  layers  is  show  n 
in  Fig  8.  Equivalent  circuits  for  a  combination  of  two  gram 
boundary  barrier  layers  adjacent  to  two  surface  barrier  layers 
which  are  separated  by  a  conducting  ceramic  are  shown  in  Figs 
9{a)  and  (b).  Figure  9(b)  is  the  equivalent  lumped  circuit  dia¬ 
gram  of  the  circuit  shown  in  Fig.  9(a),  in  which  the  variable 
capacitance  and  resistor  represent  the  dielectric  phase  of  both 
the  gram  boundary  and  the  surface  barrier  layers.  The  fixed 
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Fig.  9.  (a)  Equivalent  circuit  o(  the  disk  barrier  laver  capacitor  and 

(b)  (t.v  lumped  circuit  diagram. 
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Fig.  tl.  Calculated  values  of  the  apparent  dielectric  convianl  and 
L  .sipaiion  factor  vs  Irequcncv  at  ri>om  temperature  for  the  disk  barrier 
la,.er  capacitor  of  composition  BBP 


phase  is  the  same  as  that  of  gla.ss  (30l  and  considering  only  the 
contributions  of  grain  boundaries,  the  apparent  dielectric  con¬ 
stant  of  the  boundary  layers  can  be  calculated  as  300  using 
Eq.  (5f. 

At  low  frequency,  the  barrier  layer  capacitor  behaves  like  a 
surface  barrier  layer  with  a  dielectric  thickness  of  200  pm.  as 
explained  earlier.  Applying  Eq.  (5)  and  using  =  1800  pm 
andd,  =  7(X)pmand/v,  =  300.  the  apparent  dielectnc  constant 
at  low  frequency  is  calculated  to  be  2700.  which  agrees  very 
well  with  the  measured  apparent  dielectric  constant  shown  in 
Fig.  10. 

The  calculated  apparent  dielectric  constant  and  dissipation 
factor  are  plotted  against  frequency  for  the  barrier  layer  capaci¬ 
tor  in  Fig.  II.  Since  the  barrier  layer  capacitor  has  two  contri¬ 
butions  to  the  frequency  response  of  the  apparent  dielectric 
constant  and  dissipation  factor,  it  is  suggested  that  the  fre¬ 
quency  response  has  two  cutoff  frequencies.  The  cutoff  fre¬ 
quency  can  be  calculated  using 


r  = 


(6) 


where  K;  is  the  dieleciric  constant  of  the  dielectric  medium. 
is  the  permiitiviiy  of  the  free  space,  a,  is  the  conductivity  of  the 
conducting  medium,  and  d,  and  d,  are  the  thicknesses  of  con¬ 
ducting  and  dielectric  media,  respectively  The  cutoff  fre¬ 
quency  for  the  grain  boundary  barrier  behavior  at  high 
frequency  was  calculated  to  be  4.4  x  lO"  Hz  using  Eq.  (4)  and 


Fig.  10.  Measured  values  of  the  apparent  dielectnc  constant  and  dis¬ 
sipation  factor  vs  frequency  at  room  temperature  for  the  disk  barrier 
layer  capacitor  of  composition  BBP 


assuming  A-  =  30.  rr,  =  6.67(ll-cm)  '.tf,  =  I  pm.  and  <7.  = 
10  pm.  Similarly,  the  cutoff  frequency  for  i''e  surlace  barrier 
layer  at  low  frequency  is  calculated  to  he  -I  '  J  x  10“  Hz  by 
taking  A’.  =  300,  ti,  =  6.67  (il  em)  '.  r/,  =  Hk)  pm,  and  d.  = 
ISdi-pm, 

The  real  part  of  the  apparent  dielectric  constant  for  the  harrier 
layer  capacitor  in  the  frequency  range  tO'  to  10' "  Hz.  in  which 
the  surface  bamer  layer  behavior  is  assumed  to  be  predominant . 
was  calculated  as  a  function  of  frequency  using  Eq  (2)  assum¬ 
ing  A"'  =  2700.  A'.  =  300.  and  T  =  3.56  x  10  "  s  Similarly, 
the  real  part  of  the  apparent  dielectric  constant  in  the  frequency 
range  lO"  to  10"  Hz.  m  which  the  grain  boundary  harrier  layer 
behavior  is  assumed  to  be  contributing  to  the  real  part  of  appar¬ 
ent  dieleciric  constant,  was  also  calculated  using  Eq  (2)  and 
assuming  A.  =  300.  A'^  =  30.  and  t  =  3  95  x  If)  '•  s 

The  dissipation  factor  for  both  the  gram  boundary  and  the 
surface  bamer  layer  is  calculated  as  a  function  of  frequency 
using  Eq.  (3)  and  parameters  A".  A'i.  and  r  specified  earlier  The 
calculated  apparent  dielectric  constant  and  dissipation  tactor 
are  plotted  as  a  function  of  frequency  in  Fig  1 1  At  a  frequency 
of  10"'  Hz  the  Contribution  of  the  surface  bamer  layer  to  the 
apparent  dieleciric  constant  drops  off  and  then,  at  a  frequency 
of  10"  Hz.  the  gram  boundary  barrier  layer  contnbuiion  drops 
off.  leaving  only  the  contribution  of  the  diffused  glass 

Figure  10  shows  the  measured  values  of  the  apparent  dielec¬ 
tric  constant  and  the  dissipation  factor  for  the  bamer  layer 
capacitors.  Comparing  Figs.  10  and  1 1 .  we  find  that  at  low  tre- 
quency  both  the  measured  and  calculated  values  agree  very 
well.  The  difference  between  the  measured  and  calculated  val¬ 
ues  at  high  frequency  can  be  explained  as  follows. 

In  our  calculation,  we  assumed  the  dielectric  constant  of  the 
barrier  layer  lo  be  the  same  as  the  dielectric  constant  ol  the  dif¬ 
fused  glass  (  —  30).  The  glass  diffused  in  the  barium  bismuth 
plumbatc  ceramic  may  have  a  dielectric  constant  different  from 
30.  Secondly,  the  conductivity  of  the  conducting  ceramic  phase 
is  assumed  lo  be  constant  in  both  the  surface  and  grain  bound¬ 
ary  barrier  layers.  When  the  conducting  barium  bismuth 
plumbate  ceramic  is  subjected  to  the  glass  diffusion  heal  treat¬ 
ment,  the  conductivity  may  change.  Thirdly,  the  inductance  of 
the  device  becomes  very  important  at  high  frequency  ( 10'"  Hzi 
especially  when  the  reflectance  method  of  measuring  the 
dielectric  constant  is  employed.  In  the  Maxwell-Wagner 
model,  the  inductance  of  the  device  is  not  taken  into  consider¬ 
ation  when  calculating  the  real  and  imaginary  pans  of  the 
apparent  dielectric  constant  In  practice,  even  materials  wuh 
dielectric  constants  as  low  as  '  ^0  exhibit  enormous  increases  m 
dielectric  constants  at  this  frequency  due  to  high  inductance 
One  would  expect  this  effect  to  be  more  prominent  when  mea¬ 
suring  the  dielectnc  properties  of  the  device  which  has  an 
apparent  dielectric  of  2780.  The  measured  apparent  dielecine 
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constant  and  dissipation  factor  shown  in  Fig.  10  increase  enor¬ 
mously  at  high  frequency  ( lO"  Hz)  as  a  result  of  this  effect.  The 
measured  apparent  dielectric  constant  does  not  decrease  to  a 
very  low  value  (300)  predicted  by  the  model  (Fig.  1 1 ).  The 
considerable  increase  in  the  measured  dielectric  at  high  Ire- 
quency  ( 10“  Hz)  may  have  affected  the  value  at  low  frequency 
( 10’  Hz).  The  peak  in  the  measured  dissipation  factor  (Fig.  10) 
may  be  attributed  to  the  instrumentation  used. 

III.  Conclusion 

This  work  showed  that  barrier  layer  capacitors  can  be  fabri¬ 
cated  using  highly  conducting  ceramics  barium  plumbate  and 
bismuth  plumbate.  These  capacitors  had  a  high  frequency  dis¬ 
persion  (megahertz)  of  the  apparent  dielectric  constant,  a  low 
temperature  coefficient  of  capacitance  (TCC)  (<l%^).  and 
maintained  a  high  insulation  resistance  under  accelerated  relia¬ 
bility  tests  in  which  the  capacitors  were  subjected  to  high  tem¬ 
perature  and  high  field  simultaneously. 

The  frequency  dependency  of  the  capacitance  was  explained 
by  the  Maxwell-Wagner  model  and  experimental  data  fitted 
fairly  well  with  the  predicted  values:  As  predicted  by  the  Max¬ 
well-Wagner  model,  the  dispersion  frequency  of  the  capacitors 
was  in  the  megahertz  range. 

The  simple  processing  and  low  firing  tempieratures  make  it 
possible  to  manufacture  the  barrier  layer  capacitors  inexpen¬ 
sively.  The  high  apparent  dielectric  constant  and  low  TCC 
properties  make  these  capacitors  an  alternative  to  conventional 
barium  litanate  low-TCC  capacitors. 
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Ahsiiatl*  In  iliis  paper,  die  grain  size  ellect  observed  on  the 
properties  of  St(,  iBay  gTiO»  (SBTl  ceramic  is  reponed 
fpf  this  study.  SBT  powder  prepared  by  a  liydrulbermal  procedure 
•IS  used  A  porous  ceraiiiic  was  piepiued  by  sintering  the  powder 
"liiiipacts  between  I  KiO'C- n.'ill'C/^mir)  -  Mill,  either  by 
piiveiitional  sintering  or  by  'last  firing'  When  the  average  grain 
Jije  of  tl'f  ceramic  was  betw/een  I)  7*1-1  2  pin.  the  room 
ijt„per3lure  dielectric  constant  peaks  to  s.‘i(M)-6()(l(l  In  porous  fine 
ytain  ceramic  also,  classic  P  vs  E  hysteresis  behavior  is  observed.- 


Ba(2r,Ti|.,)0-i  etc  .  is  essential  to  tailor  the  inicrostruciute  of  Fine 
grain  thin  layer  MLCs  and  thin  films  In  this  paper,  w-e  descril>e 
the  grain  size  effect  on  the  dielectric  properties  of  Srn  iBai,  gTiOi 
ceraipic.  We  have  used  conventional  and  'fast  firing'  schedules  m 
prepare  ceramics  with  differing  densities.  The  size  effects  were 
studied  through  microstruclure.  XRD,  dielectric,  and  P  vs  E 
hysteresis  behavior 

Experimeniai 


Introduction 

Grain  size  effects  on  the  dielectric  properties  ol  BaTiOi  has 
tiffii  an  active  area  of  research  over  three  decades  Ever  since. 
Kiiiekainp  and  Ueywangl  1 1  reported  the  observation  of 
;innmalously  high  room  temperature  dielectric  constant  in  BaTiOi 
ceramic  with  an  average  grain  size  of  1  pm.  several  research 
articles  appeared  in  the  literature  Careful  literature  review- 
indicate  that  the  observed  grain  size  effect  is  a  strong  function  of 
several  estental  luid  a  few-  internal  variables  Effect  of  chemical 
purity,  preparation  procedure,  initial  panicle  size  dislrihiilioii  of  the 
powder,  final  grain  size  distribution,  resisiivjiy  of  the  grains  and 
the  grain  N'undaries  and  the  density  of  the  ceramic  etc  .  should  be 
coiisideretl  as  estemal  contributions  to  the  dielectric  anomaly. 
Ihmugh  careful  preparation  it  is  possible  to  minimize  the  effect  of 
e.siemal  variables. 

While  discussing  the  intrinsic  effect,  it  is  necessary  to 
ennsirter  the  boundary-  conditions  very  carefully.  Biiessein  el 
al  .|21  prepared  high  density  ceramic  with  varying  gram  sizes. 
SEM  aitalysis  of  tire  fine  grain  ceramic  showed  lew'er  ferroelectric 
domains  as  compared  to  coarse  grain  ceramic  it  is  well  known 
that  in  a  coarse  grain  ceramic,  the  volume  change  associated  with 
the  cubic  to  tetragonal  phase  transition  is  minimized  through 
domain  fonnation  In  fine  grain  ceramic,  grams  without  multi- 
domains  will  induce  stress  of  comple.s  nature  on  other  grains 
Anomalous  increases  in  the  dielectric  constant  of  fine  grain 
ceramic  ate  explained  as  a  direct  consequence  of  the  stress. 

Aril  el  al..  |.l|  on  the  other  hand,  observed  that  the  domain 
size  is  .1  siiong  function  of  grain  size  Through  SEM  and  TEM 
observarions.  they  observed  an  increase  in  the  domain  density 
when  the  average  grain  size  of  the  ceramic  was  between  1  pm  and 
10  pm  Additionally,  the  domain  size  reduced  as  a  function  of 
gram  size  lliey  proposed  that  the  increase  in  room  temperature 
dielectric  cnnstani  is  at  least  partially  due  to  the  increase  in  domain 
wall  density 

Shaikh  et  al..  (d|  observed  similar  anomaly  in  a  porous 
ceramic  Effect  of  density  nn  the  magnitude  of  dielectric  constant 
IS  discussed  in  a  paper  by  wa  Gachigi  et  al  .{5|  in  this  issue. 

In  fine  grain  Ba'fiOy  ceramic,  the  tetragonal  to 
orthorhombic  transition  occurs  nearer  to  2S'C  mstead  of  0  5"C. 
Some  of  the  observations,  such  as  the  difference  in  domain  size, 
splitting  of  <2I)0>  peak  in  XRD  patterns  are  expected  to  be 
influenced  by  the  presence  of  the  orthorhombic  phase 

To  minimize  the  complications  due  to  the  orthorhombic 
pha.se,  it  is  desirable  to  investigate  the  grain  size  effect  in  BaTiOy- 
based  solid  solutions  Moreover,  understanding  the  size  effect  in 
commercially  important  solid  .solutions  .such  as  Sr(.,Ba,TiOi, 


For  this  study.  Sip  yBao  gTiOy  powder,  prepared  by 
hydroihcm.-  '  redure.  (Cabot  Corporation.  Boyenown.  PAi  w.iv 
used.  !lie  B  E  T  surface  area  of  the  powder  is  14  6  m-'/gm  The 
SEM  micrograph  of  ihe  powder  (Fig.  I)  dearly  shows  ihe  size 
unifomiity 

The  powder  was  blended  with  appropriate  aniouin  of  PV'A 
solution  and  glycerol  Pellet  preparaiion  .and  hinder  ei apoiaiion 
procedures  are  elaborated  in  Ref.  [61  Binder  removed  pellets  were 
sintered  between  lt(K)*C  and  1!MPC  for  .^min  -Klh  in  a  dean 
furnace  Por  convenlioii.al  firing,  healing  and  cooling  rates  were 
maintained  as  4IX)*C/h.  For  'fast  firing',  the  samples  were  he.ated  lo 
950*C  at  a  rate  of  4(K)'C/h  and  then  to  the  so.ak  temperature  at 
ll)(XrC/h  They  were  cooled  to  room  temperature  with  a  similar 
schedule.  Bulk  density  was  measured  only  when  the  density  ot  the 
sintered  samples  were  greater  than  90%  theoretical.  For  the  rest  nf 
the  samples,  geometrical  densities  are  reported  Procedure  lor 
dielectric  and  P  vs  E  measurements  are  elaborated  in  Ret  |7( 
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Fig  I .  SEM  micrograph  of  as  received'  SBT  powder 
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Fi>:  2  1\i'ical  mu  i<'^inKiiitp  I'l  SH  I  irnmm  siiiicrcd  ai 
laiHlHHVlOli  aii.l  (bi  i:iMi  (  7;i, 


Densines  of  tlit  stnicred  pelltn  atr  listed  m  Table  | 
Typical  mictosiruciures  of  the  samples  siiueied  below  l2MfC  me 
shown  in  Fig  2  As  the  panicle  sire  distribution  of  the  sianing 
powder  was  nanow,  the  gram  sire  dtsiribution  of  the  suueifd 
ceramic  also  remained  narrow  Bui  when  the  sintering  leinpeiaiufe 
was  raised  beyond  J2S(I'C,  abnormal  gram  growth  ocrured  1hu< 
it  was  not  possible  to  prepare  samples  with  uiiifonn  gram  sire  m 
the  range  of  .1- 10  pm 

In  Fig  3  .  the  temperature  effect  on  the  dielectric  propenie? 
are  compared  These  K  vs  T  plots  ate  not  compensated  foi 
porosity  Higher  room  temperature  dielectric  constant  observed  m 
samples  sintered  at  120f)‘C  with  an  average  gram  size  of  O'!  pm 
and  of  theoretical  density  (Table  1),  clearh  shows  the 

existence  of  grain  size  effect  in  SBT  vers  simitar  lo  thai  observed 
in  pure  BaTiOj  Dielectric  constant  values  at  room  lemperatutc 
and  at  Tp  of  all  the  samples  are  compared  in  Table  I  Tn 
compensate  the  values  for  porostty.  Boichei  s  equation  was  used 
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Fig  3  Dielccliic  ptnperiies  of  SHI  tfionm  siineit’d  ai 
(a)l200X72h.  |bi  1 1(H)X72h,  icl  I  iMrc72li  and  (di  I  iMrOHHi 
solid  lines  are  dielectric  constant  and  dotted  lines  aie  dielectric  loss 
data  measured  at  I  kHz 


Phs  vit  al  iuul  ilieleciric  propenies  of  SBT  ceramic 
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Cotnpaiing  ilit  porosii^  cuncctcil  value;  ii  clear  that  a  peak 
room  temperaiure  ilielectiic  consiam  ol  ^siH)-6n(M>  is  observed 
when  ihe  average  gram  vi/e  o(  the  ceramic  is  between  (I  75-1  2  pm 
In  Fig  4a.b,  and  c.  liie  freguenev  etlecl  mi  the  dieleclnc  consiant 
of  ceramic  with  differing  gram  sues  are  ptoiied  Above  T^.  K  vs 
T  behavior  is  nearlv  iiidei’eiiileiil  of  inensurmg  frequency  m  ail  Ihe 
cases.  In  Table  I.  Curie  coiisi.uii  of  ilicse  samples  aie  compared 
As  seen  ihe  niagniiude  falls  wiilnn  a  narrow  range  of  I  4-1  7  s 
lO'CC)  [||  Fig  4b  and  c.  I  me  grain  ceramic  show  snicaring  of 
dielectric  peak  al  ail  ihiee  iransuion  lemperaiures  In  lahle  i.  iwo 
of  Ihe  iransiiian  lenipeiainres  are  listed  When  the  average  gram 
size  of  the  ceramic  is  reduced  from  10  pm  to  I)  7  pm.  lire  cubic  to 
tetragonal  itansiiion  lemper.iiure  deci eases  from  67’C  lo  62'C. 
whereas  the  tetragonal  lo  oiihothonibic  iransliion  lemperalure 
raises  from  -2H"C  lo  Id'C  Since  the  dielecinc  peak 
corresponding  to  the  oiihorhomhit  in  rhombnhedral  iransnion 
occurs  over  a  large  tempeialine  range  in  fine  grain  ceramic,  ihese 
values  arc  nni  labulaled 

In  Fig  5.  the  P  vs  F  hehav  lor  ot  three  s.unples  is  compared 
As  seen,  in  fine  grain  cciiumcs.  the  induced  polarizaiion  leduces 
systematically  But.  since  the  rlensiiy  of  these  siunples  :ue  noi  the 
same,  only  the  general  hehavinr  should  he  cnnsidereil  for 
coiiipatison  Even  in  a  line  grain  pmous  cetamic.  appearance  of 
the  classic  P  vs.  E  hysteresis  is  paniciilarly  noticeable  In  Table  i 
P,  and  Ef  values  calculated  front  Ttie  hysteresis  curves  are  Itsied 

In  Fig  6  a  and  b,  the  polished  and  eiched  microstruciures  (>f 
two  nf  the  sintered  ceramics  are  slniwn  The  samples  were 
polished  slowly  and  carefully,  so  that  the  surface  temperaiure  of 
the  samples  are  niainiained  alu  ays  neater  lo  room  temperaiure  To 
get  a  representative  domain  siniciure  of  the  hulk,  about  0  1-0  2  mm 
thick  surface  layer  vi.is  removed  before  poltsinng  In  Fig  hb. 
domains  ui  the  fine  gram  ceramic  is  very  clearly  seen  Since  the 
density  of  the  samples  fiied  ai  lenqieraliires  below  LMIO’C  were 
low.  ir  was  not  possible  lo  polish  them  properlv  Ai  present 
eventhough  the  exrsience  of  nmlii-dnmains  in  fine  gram  ceramic  is 
clearly  demonsiraied.  it  is  necessary  to  piepaic  dense  ceramic  to 
quantify  the  domain  size  and  the  Jnmain  density  as  a  function  of 
grain  size. 
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nieasurmg  frequency  on  ihe  dielectric  properties  Fig  5  P  vs  F  hysteicsis  behavior  of  SBT  ceramic  sinieied  ai 

ol  SBT  ceiamic  sintered  al  (a)  I25(rc/2h.  (h)  1 275T/Sinm  (Fast  (If  1350'C/10h.  (2)  laiKl’C.  and  t.f  i  I  KHrc/lOh 

ited).  and  (c)  1  l()0'C/6h;  measuring  frequencies  were  0  1.  1.  10. 
and  1 00  kHz. 


57 


Conclusions 


Fip  6  f'f'lislied  :iii(l  eicJied  iiiirri'siruclutf  of  SBT  Cfrainir 
<iiiirrcil  atia)  IVKI'C/HHi.  and  (H)  I  .'(HI’C/III  min 


Based  on  ihe  experimeniaJ  observations,  the  following 
conclusions  ate  drawn; 

1  When  the  grain  size  of  the  ceramic  is  between  '  75-1  2 
pm.  the  Krt  values  peaks  to  5500-6(KH) 

2  Ihe  Curie  constant  of  the  ceramic  is  relatively 
independent  of  the  grain  size 

y  In  fine  grain  ceramics,  suppression  of  Tc  and 
enhancement  of  low  temperature  transitions  are  clearly  seen 

4.  Fine  grain  ceramics  also  show  classic  P  vs  E  hysteresis 
behavior. 

5.  Etched  and  polished  microstructure  of  Tine  gram  porous 
ceramic  show  multi-domain  characteristics 

To  quantify  the  results,  it  is  necessary  to  prepare  dense 
ceraitiics  witli  differing  average  grain  sizes  ranging  (tom  U  I  pm  to 
lOptn  with  narrow  distribution 
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APPENDIX 


PREPARATION  f)F  DENSE  ULTRA  FINE  GRAIN 
BARIUM  TITANAIE-BASED  CERANUCS 
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Recetitl) .  v-e  have  sintered  hyrlrolliemial  BaTiOi  with 
to  very  high  densities  at  8.^0*C.  In  this  paper,  new 
quit'  on  the  efieci  of  lower  (.imcentraiions  of  BiyOi  on  the 
Ifiisificalion  and  the  dieleciric  properties  of  the  BaTiOi  ceramic  ;ire 
fiscussed  As  an  espansion  nl  this  work,  hydrothertiial 
c*,  iBaoKl  '^Vt  sintered  with  0-^  wf'?'r  BiiO;  between  810- 
I  rsiVC  When  .1  wt'7r  BiyOi  was  added,  the  powder  compacts 
^j’lefed  to  a  bulk  density  of  >1.2  gtns/cc.  at  dIO'C  Tlie  room 
leiitperaiure  dielectric  constant  of  this  ceramic  was  1 .100.  and  K  vs. 
f  plot  (ollowed  the  Z1U  industrial  siiecification 

Introduction 

In  a  recent  paper]  1 1.  by  comparing  the  effect  of  Bi-iOi  on  the 
sintering  behavior  of  high  purity  BaTiOi  powders  piepared  by 
different  procedures,  good  sinterability  of  liydrothennal  BaTiOi  at 
temperatures  as  low  as  SIO'C  was  dcinonsiraled  By  perfi>miing 
XRI5  anti  DTA  measurements  on  these  mixtures,  the  following 
reaction  sequence  was  identified; 

I  BaTiOi  +  10  Biifii 

— ♦  5  |(Bi20i)(i  j|(BaO)()  i)  +  Bill!  iOyo  (Eq  1) 

As  the  teacfitin  prixJucls  melt  at  7I7'C  and  847’C  respectively,  good 
deiisificalion  occurs  at  low  temperatures  through  liquid  phase 
sintering 

In  a  different  papef|2|.  the  effect  of  BijOi  addition  on  the 
micrnsiructural  development  and  the  dielectric  properties  of  the 
sintered  ceramic  was  discussed.  For  this  work,  liydrothennal 
BaliOi  powder  compacts  with  },  1.  and  7  wt^r  Bi-iOj  were  sintered 
between  7lO--9.l(rC/2h. 

In  this  paper,  the  results  of  the  laie.si  studies  on  the  effect  of 
BiiOi  addition  on  the  den.sificaiion.  microslructure  development, 
aixl  the  dielectric  proiierties  of  the  hydrolhennal  BaTiOi  ceratnic  are 
explained  The  result  and  discussion  section  of  this  paper  is  divided 
into  four  pans  In  the  first  pan.  some  of  the  physical  atid  electrical 
characteristics  of  the  ceramic  are  reviewed.  In  the  second  pan.  the 
effect  of  smaller  quantities  of  BiiOy  on  the  densification  and 
dielectric  proprieties  of  tlie  BT  ceramics  are  discussed  In  the  third 
pan.  the  effect  of  Bi-additinn  during  the  hydrolhennal  process  on 
the  micro.stnictural  development  is  discussed.  In  the  fittai  pan,  tlie 
effect  of  Bi20i  on  the  properties  of  Ba^  gSrg  2Ti03  is  analyzed. 

Eiiptriincnial 

The  surface  area  of  the  as  received  hydrothermal  powders 
iCabol  Cntporaiioii.  Boyer  Town.  PA)  were  measured  by  BET 
technique.  To  prepare  the  pellets,  the  hydrolhennal  powders  were 
mixed  with  ()-lwt%  of  BiiOy  (Johnson  Mallhey.  Seabrook.  NH)  in 
an  agate  moner  and  pestle.  Several  1 12"  disks  were  prepared  in  a 
steel  die.  by  applying  uniaxial  pressure  (3(K)fH!-?1(X)0  pst)  at  room 
temperature  Pellets  with  about  green  densities  were  prepared 
by  using  1.5- 1  7  wi'IF  PVA  and  1 .1-2,0wt'?r  glycerol  as  binder  and 
plasticizer  After  binder  evaporation,  the  green  pellets  weie  sintered 
between  710- 1 2.l0'C/0.5-2h  in  a  closed  crucible.  The  bulk  density 
of  the  well  sintered  disks  were  measured  by  noting  the  weight  loss 
in  Xylene.  Fractured  microslructure  of  the  ceramic  was  analyzed 
with  an  SEM  (ISI-SKl  1.10.  Akaslii  Beam  Technology  Cotp  . 
Tokyo,  Japan)  The  dielectric  properties  of  the  ceramic  disk 
samples  were  measured  using  a  computer  coiurolled  LCR  bridge 
t4274A,  Hewlett  Packard.  CO)  system. 


Results  and  Discussion 

Physical  characlerislics  of  the  as  received  powders  used  for 
this  study  are  listed  in  Table  1 


Table  1.  The  piopenies  of  BaTiOi  Powders. 


ID 

Composition 

Additions 

S.A 

(m2/gnu 

1 

BTl 

BaTiOi 

8.14 

18 

BT2 

BaTiOi 

200ppm 

of  Nb 

7.96 

1  4 

DT3 

BaTiOi 

0  28  w  (G- 
BiiOi 

7  .^9 

BT4 

BaTiOi 

,Twl«r 

Bi)Oi 

8  17 

BST20 

Ba  sSr  ^T  iOi 

14  1 

It  9 

Pan  1: 

Tlie  hydrothermal  BaTiOi  sinters  to  high  densities  at  low 
temperatures  In  Fig  1  ,  the  shrinkage  profiles  of  bydroihennal  ,uul 
non-hydrothennal  high  purity  BaTiOi  powder  compacts  w  ith  s  mG 
BiiOi  are  compared  In  this  figure,  good  densification  of 
hydrolhennal  powder  compacts  is  clearly  seen  to  occur  at  about 
7.1()*C.  Typical  microsiructures  of  the  sintered  compact  ate  shown 
in  Fig,  2.  When  ihe  samples  were  sintered  between  7l(l-121i)'C 
with  3.  5.  and  7  wi'?!-  BiiOi.  irrespective  of  the  siitiering 
temperature  and  the  flux  concenlraiion,  the  average  grain  size  of  the 
ceramic  remained  a.s  0  11-0  2  pm.  which  was  also  the  initial  panicle 
size  of  BaTiOi  powder  Typical  dielectric  properties  of  the  simereil 
ceramics  are  given  in  Fig  ?  A  broad  iratisiiion  at  around  1 10‘C. 
and  the  suppression  of  other  lower  temperature  transitions  are 
typical  of  this  fine  gram  ceramic  Tlinugh  the  dielectric  peak 
corresponding  to  cubic  in  tetragonal  rranstnon  is  clearly  detecied, 
room  temperature  XRD  patterns  of  these  ceramic  did  not  show  clear 
splitting  in  <20()>  peaks. 


Temper  aivjre  •C 

Fig  1  Shrinkage  profiles  of  (a)  high  purtiy  BaTiOj  (I  taiiseUoi 
•t-  Iwi'J'cBiiOt  and  Ih)  BT2  r-  5wi%  BI2O1 
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Los 


Pan  2. 


Fip  2  Typical  miciostnjcture  of  BT  situeted  wUh  Bi’0>  Thb; 

microsirucnire  rcpresem  ihe  fracture  surface  of  BT2  wiili 
TwrlFBiiOj  sinicred  ai  85(rC/2h. 


Temperature  ('’O 


Temperature  ('Cl 


P'g  ^  The  dielectric  properties  of  BT2  ceraiitic  with  Sut'T 
BnOi  siniered  at  various  lentperatures;  la)  K  vs  T  and 
(h)  tan  5  vs  T;  the  ptofiePtes  were  trteasuied  at  IVH7 
Siiiieriiig  temperatures  of  ceramics  arc  ( 1 1  75(TC.  (2i 
RllirC,  (1)  (4)  fOtrC.  and  (I)  VliOX  The 

magnitudes  are  n<'t  corrected  for  porosiiv 


In  this  section,  the  effect  of  smaller  concentrations  of 
on  the  propenies  of  BaTiOi  ceramic  is  discussed  To  achieve  pood 
densities  in  iltese  ceranucs,  it  was  necessary  to  sinter  the  compacts  at 
higher  temperatures  Even  after  sintering  at  I25(I'C.  the 
microsimciure  of  the  ceramic  looked  very  similar  to  lhai  shown  in 
Fig  2  In  Table  2.  .some  of  the  physical  and  electrical  characlensi ICS 
of  the  siniered  ceramic  arc  listed.  The  dielectric  properties  of  the 
ceramic  showed  qualitatively  sunilar  behavior  as  .seen  in  Fig  .1 
Since  the  liquid  phase  volume  is  low.  higher  T^  and  are 
observed  In  these  ceramic  also,  the  dielectric  peaks  corresponding 
to  lower  temperatures  transitions  are  also  suppressed 


Table  2  Phy.sical  and  dielectric  propenies  of  BTl  and  BT2  ceramic 
with  1  wt'iF  B12O  V 


I  D 

Sint. 

Temp 

CC/h) 

wt.loss 

% 

Bulkp 

pn/cc 

±27* 

I' 

(S)  IkHz 

Trra, 

<’C) 

•^RT 

Tan  6 

BTl 

1 1 50/2 

I  0<7 

4  OV 

3I85 

1 27 

I  5(K) 

0  0I7 

1 250/I 

I.I5 

5.52 

5820 

1 27 

2(KK) 

0  0.5.5 

BT2 

1 1 50/2 

i.4,7 

5  6l 

5800 

12I 

2  MO 

0  015 

1 2.50/2 

I. 50 

5.79 

7075 

1 2.5 

26.50 

0  0I9 

Part  3 


In  two  batches  of  BaTiO  j.  Bi-inns  were  imrcHluced  during 
the  hydrothennal  processutg  To  introduce  Bi-tons  in  the  structute, 
an  appropriate  amouni  of  Bismuth  in  the  iiiir.iie  fomt  was  added 
during  the  fonnation  of  Thaniuin  liydioxide|.f  |  To  this  inbtiure. 
Ba-  solution  was  added  for  the  BaTiOi  fonnation  Due  to  the 
complexity  of  the  reaction,  the  nature  of  Bi'*addiiioi»  is  unknown 
In  the  XRD  patterns  of  Ihe  reacted  powder,  few  additional 
diffraction  peaks  other  than  the  major  Ba TiOi  peak.s  were  detected 
These  peaks  w  ith  feahic  intensities  could  not  he  matched  to  any  of 
the  Bismuth  Tilaiiaie  or  Barium  Bisrnuih  Titanium  (2xide 
compounds,  unambiguously  The  conceniraiion  of  Bi-ioii  lisied  in 
Table  1.  was  calculated  iluough  atomic  ahsorption  spectroscopy 
The  powder  compacts  were  .sintered  between  d(Kf- 1 25(l’C/(f  .'-?h 
The  density  and  the  weight  loss  data  of  the  sintered  compacts  are 
listed  in  l  ahle  7.  It  is  necessary  to  increase  the  sintering  teniperalure 
above  lOfHl’C  10  acb  eve  sufficiently  good  densities  When  the 
samples  were  sintered  over  a  plaiuiuin  sheet,  comparatively  heilet 
densities  were  observed  ai  lower  temperatures  But  the  bottom 
surface  of  the  ceramic,  especially  in  BT4,  was  bright  yellow  m 
color,  indicating  Ihe  segregation  of  liquid  phase  This  observation 
tndicaies  that  die  viscosity  of  the  liquid  is  low 

The  microsttucture  and  the  dielectric  properties  of  ?  wi<S-  Bi- 
added  samples  are  very  sunilar  to  that  .stiown  in  Fig  2  and  Fig  2, 
But  the  properties  of  0  wiSF  Bi-  containing  samples  showed 
marked  differences  The  nncrostructural  evaluation  as  a  function  of 
sutiering  temperature  is  compared  in  Fig  4a,  h.  c  and  d  When  the 
samples  were  sintered  beyond  I0.*i(rc.  rhe  average  gram  size  of  the 
ceramic  increased  to  >Ul4m  In  K  vs  T  plots,  dielectric  peaks 
corresponding  to  three  transitions  could  he  detected  ver\  cleiirlv  In 
Table  ?.  some  of  the  dielectric  properties  are  listed  The  dieleclnc 
properties  of  these  samples  varied  as  a  fuiiciinn  of  measuring 
frequencies  ai  all  temperatures  Careful  analysis  of  ilie 
microstruclure.  density,  and  ihe  dielectric  properties  of  the  ceramic 
as  a  function  of  sintering  temperature  and  time  uidicaie  the  gram 
growth  mechaiiLsm  isdomtnantly  diffusion  controlled  in  nan,  c 
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Tablf  ?:  Physical  propenies  of  BT.f  and  BT4  cctannc 


1  D 

Sint 

Temp 

•C/li 

Setter 

Wl  loss 

% 

Bulk  p 

gm/cc 

BT3 

ItKIO/d..') 

ZrO, 

0.78 

4  4IJ 

1000/1 

Zr02 

0  58 

4  54 

IO(KI/2 

Zi02 

0  52 

5  30 

lOfXVT 

Ztl)s 

0  81 

5  28 

1050/1 

Zrt)2 

0  55 

5.28 

10.50/1.5 

ZrOa 

0  84 

5  36 

1050/2 

Zi02 

1  07 

5  60 

1  IOd/2 

ZrOi 

1.18 

1150/2 

Zj02 

1.17 

5  65 

1 2(KI/2 

Zr02 

1  .17 

5  68 

1 250/2 

Zj02 

1.34 

5  68 

BT4 

850/2 

Pi 

0  6 

4  59 

850/2 

ZtOj 

0  92 

4  76 

9<KI/2 

Pi 

0  63 

4  98 

950/2 

Pt 

0  66 

5  3! 

1000/1 

ZfOi 

0  92 

5  22 

1100/2 

ZrOa 

1.36 

5.82 

1 200/2 

ZrOs 

1.76 

5.89 

1 250/2 

ZrOs 

2.03 

5.91 

Pan  4 


In  the  Ba(i  rSti,  jTiOi  (BST)  powder  used  for  this 
invesiigaiion,  sniaJl  aniouni  of  carbonates  were  detected  through 
XRD  patterns  In  a  separate  paper  presented  in  this  conference,  the 
effect  of  grain  size  on  the  dielectric  properties  of  pure  porous 
ceramic  is  discussed  In  that  study,  the  smallest  average  gram  size 
achieved  through  conventional  sintering  w  as  ('  2  M'"  ahi*  *'t 
cerait  ir.  dielectric  peaks  corresponding  to  three  transiiiotis  ate 
clearK  identified 

The  densificaiinii  behavior  of  BST  as  a  function  of  Pus 
toncemration  and  the  sintering  temperatures  are  represented  in  Ftp 
.‘i  Primarily  because  of  the  presence  of  strontium,  it  is  necessary  to 
sillier  the  ceramic  w  ith  higher  flux  concenitations  and  ai  higher 
temiieratures  K  vs.  T  plots  of  the  flux  added  ceramic  are  given  in 
Fig  6  and  7  Suppression  of  dielectric  peaks  at  the  iransiiioii 
temperatures  are  clearly  seen  XRD  paiienis  of  these  ceramic  faded 
to  show  splitting  in  <200>  peaks  due  loteiragonality 
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Fiat  lined  microsmntuies  of  B  I  t  ceiainics  smieretl  a!  (al  Fig  5 
luce  C/lli,  (hi  Ili.'iOX/lh.  (c)  inid  C/lh.  and  (d) 

1 1 5(1  C72h 


Eflect  of  Ilux  (.one  eon  allot  I  in  the  deiisilicaiion  heh.o  loi 


of  Sii)  iBuii  si  lOi  These  ceiamics  were  smieied  (or 
2hr 
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Fig  6  K  vs  T  plots  of  SBT20  with  2wt‘?i-  BijOi.  which  were 
measured  at  I  kHz.  These  ceramic.s  were  sirtiered  at  I. 
125(»X.  2.  I2()0X,  3  I  I.V)”C.  and  4  I  100“C  for  2hi 


Conciusioi.^ 

I  When  smaller  ainoum  of  Bi^Oj  was  added  tn 
hydrothermal  BaTiOv  to  achieve  high  density,  it  was  necessary  lo 
sinter  the  compact  at  higher  temperatures 

2.  Addition  of  BnOr  duruig  the  hydrothemial  preparation  o! 
BaTiOr,  produced  an  unidentifiable  Bi-based  second  phase  To 
achieve  high  densities,  even  with  .3  w  i^r  BiiOj.  it  was  necessary  in 
sinter  the  compacts  beyond  lOOO'C  This  observation  indicates  the 
iniponance  of  processing  procedure 

.3.  When  the  BijOy  concentration  was  reduced  lo  0  2S  wt?f . 
good  densiTicalinn,  accompanied  with  grain  growil:  occurs  beyond 
lOOO'C.  Careful  consideration  of  weight  loss  observed  during 
sintering,  grain  growth  and  the  dielectric  properties  suggest  that  the 
densificaiion  is  accomplished  dominantly  by  gram  boundary  and 
bulk  diffusion  mechanusms 

4.  When  5  wt%  BiyOy  was  added  to  Srp  yBau  gTiOi 
powders,  the  compacts  sinier  to  hulk  densities  >5  2  gms/cc  ai 
950'C  Percentage  changes  in  TCC  calculated  from  C  vs  T  plots  of 
this  ceramic  show  Z5LI  industrial  specificaiions.  wiili  a  room 
temperature  dielectric  constant  of  1500  By  changing  the  particle 
size  and  the  concentration  of  the  BiiO  j.  it  appears  that  it  is  possible 
to  reduce  the  sintering  temperature  to  850'C.  which  is  the  typical 
thick  film  processing  temperature. 
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Ahstrail 

rite  liigli  frequency  dielectric  response  of  sol-pel 
derived  lead  zirconale  litunale  (PT,'!')  thin  liims  lias 
been  iitvesiipaled.  Coiicepluiili7inp  the  presence  of 
interface  layers  was  ctitical  in  explaining  tUe  dielectric 
measuietnenls.  Hv  a  carelid  conliol  of  the  processinp 
parameters,  aided  by  rapid  thermal  annealing,  the  low 
fretitrency  dielectric  charactersistics  cntild  be  siislairied 
u|)lo  a  GHz  range.  Hiio  sSttr  s  I  i(Jr  wltich  is 
paiacteciric  at  room  lempciatnie  appears  to  be  a 
potential  candidate  material  (or  liigli  fiequcricy 
applications, 

ItHi  tiductinii 

In  the,sc  modern  times,  tniiny  ;nrd  varied  arc  the 
applications  of  high  liet)uency  rlieiccliics;  in  high 
resolution/  digital  communicatitm  rievites 
encompassing  cellular  phone  and  satellite 
communications,  in  microelectionics  and  (lackaging 
for  liigh  speed  switching  mode  power  supply,  in 
frequency  sensors  for  rnicronave  detection,  to  plainly 
list  but  a  few,  Ijieleclrics  (pialifvinp  for  such 
applications  must  possess  high  dielectiic  permittivity, 
low  drssrpation  htss,  and  low  lemperatitrc  coclircictti 
of  clecltopliysieal  propetites  l  erroelecii ic  irtaieiials, 
wltich  conslilute  a  ttniriite  sidx  lass  of  dicleclries,  while 
very  promising  itt  satisfying  these  geitctal  attributes, 
suffer  from  a  dn>p  itt  lire  rbelccltic  constant  at  a 
characteristic  fierpicncy.  ascitt>ed  to  the  ptezocleciric 
le.soiiancc  of  the  ciysialliics  as  well  as  the  ineilia  of  ibe 
domain  boumlaiics,  ollici  platisiblc  cxplanaliotts 
advanced  ft>r  Ibe  plteiunnenon  indutlc  the  existence  of 
interface  layers  at  the  lilm-elcctrode  boundary, 
iriqturilies  in  the  film,  ainl  grain  impel fcctions  as  alstr 
grain  boundaries.  At  still  higher  fiei|uciicirs,  an 
additional  drop  in  the  iclalive  peimiliiviiy  may  occui, 
as.signed  generally  to  iliclcclric  iclaxaiitur.  In 
paraclecliic  materials,  no  piczoclccltic  icsonance  can 
occur  if  the  {drase  is  ceniios)  inmcinc:  the  clam|>ed  and 
free  tbcicclitc  constant,  which  telci  to  the  diciccliic 
constant  at  lieriuencies  iibovc  ami  below  piezoclecUic 
le.sonance  lespeciively,  ate  equal  to  one  amrtbcT.  At  a 
given  high  Itctjnencc,  ilicicctiic  telasaltoii  can  still 
ciiuse  a  lall  in  the  diclci,ltic  pcinnllivily  in  tins  iion- 
fxilar  phase. 


Shifting  the  focus  from  the  confines  of  the  bulk 
materials  to  llic  dielectric  behavior  of  ferroelectric 
tliiii  films  at  low-amplitude  a.c.  field  of  high 
frequencies,  as  in  the  present  study,  the  dominant 
factors  that  influence  relaxation  appear  to  be  connected 
to  the  presence  of  interface  layers  and  grain 
imperfections,  lair,  first,  the.se  films  have  been 
characterized  by  very  small  grain  sizes,  in  the  0. 1-U.2 
pm  range  |l,2),  that  has  the  effect  of  displacing  flie 
threshold  frequency  due  to  die  piezoelectric  clamping 
of  grains  or  domains  to  higher  levels;  and  second. 

teat  ion  of  the  films  through  the  sol-gel  process 
ensures  maximal  chemical  purity.  This  study  will, 
consequently,  argue  that  the  dielectric  dispersion  itt  the 
I  Mllz  to  .several  GHz  range  sicm.s  from  the  prc,sence 
of  barrier  layers  and  grain  imperfections,  both  of 
wltich  can  be  .squarely  linked  to  the  lilm  processing. 


. l>bf»S.S>VU 

1  he  VZ'V  films  used  in  the  study  were  of  the 
ntorpliolropic  phase  boundary  composition  (with  a 
Zr/ri  mole  ratio  of  52/48),  fabricated  by  the  sol-gel 
spin-on  tccbititpie.  Ibe  details  of  the  fibtt  fabiicatinii 
as  well  as  the  stiuclural  and  ciccirojibysical 
cbaractetization  of  these  films  have  beeit  oulliited  in 
Refs.  !  and  2:  the  dielectric  and  fcrtoeledric  pro(>crly 
ntcasurcnieitls  were  limited  to  the  radio  frequency 
range  in  these  earlier  studies,  F'or  dielectric 
mcasuremeitls  itt  this  study,  a  high  frequency 
impedance  aitalyscr  (HI*  4IVIA)  was  used.  All  the 
films  were  rapiil  tbcrntally  anttcalcd  at  lentpcraturcs 
and  times  as  specified. 

I'ig.  1  is  a  plot  ttf  the  dielectric  permilliviiy  as  a 
funtiioii  of  frequcitcy  for  a  U.5R5  pm  thick  PZ’l'  film, 
rapui  lliermally  aititcaled  itt  the  tentperature  range  of 
bll(l-8(K)'*C  lor  6(1  secttitd.s  It  is  patent  from  the  figure 
that  with  incrcasitig  annealing  temperature,  the 
relaxation  lre(|uciicy  decreases  systentatically ;  of 
gicaicr  im(Hul  is  (be  prccipiUtos  tumble  in  permillivtiy 
to  almost  a  ci()ber  at  tins  frequcitcy.  While  this  latter 
point  is  seentiitgly  baffling  at  fir.st  glance,  the 
lietittcitcy  Tes|>ottse  of  the  measuicd  dielectric  constant 
and  Ibe  coriespondtiig  impedance  speclium  from  the 
equivalent  circuit  model,  based  on  properties  ttf  the 
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film  core,  ihe  elecCrode,  iind  a  series  resistance  |31. 
lends  u  iiindicuin  of  undei standing  to  the  unoinaloiis 
dielectric  behavior,  Sayer  et  al.  1,1 1  poslnlaled  the 
formation  of  an  interface  layer  at  the  top  electrode¬ 
film  boundary  and  the  filni-siibsliaie  botindary;  by 
varying  the  internal  barri  layer  thickness  from  0,01 
pm  to  0.5  pm  (the  di-  iibed  layer  at  both  the 
interfaces  are  lumped)  on  a  film  of  i  pm  total 
lhickne.ss,  the  tlielectric  coicstani  was  computed,  which 
has  been  reprrniuced  here  as  l-igure  2,  Scrutiny  of  this 
figure,  and  its  juxtaposilitm  with  I'ig.  I,  reveals  a 
striking  similarity,  templing  Ihe  speculation  ol  tJie 
presence  of  interface  layers  of  increasing  thickness 
with  increasing  severity  of  annealing  of  the  films  As 
observed  by  the  authors  |,1|,  the  calcul.-iled  higher 
dielectric  constant  for  films  with  thicker  barrier  laycis 
might  he  related  to  the  assutnption  ol  ti:e  lull 
thickness  of  the  film  in-  the  coi?iputali<Hi,s,  when  in 


10^  10^  10*  10*  lo'  fO* 

Frequency  (iiz) 


Fig,  I  High  frequency  dielectric  respoti.se  of  I’ZT  thin 
films,  annealed  600-K00"C  <it  it  coiistaiil  <lwell  lime  <»f 
60  seconds  Note  the  systematic  change  in  Ihe 
relaxation  fret|ueiicy  with  annealing  temperature. 
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Fig  2  Computed  dielectric  couslaut  of  a  1  pm  film 
with  varying  internal  barrier  thickness;  the  Out  value 
of  e  =  l000  (repioduced  from  Sayer  el  al.  11|) 
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Fig.  .1  Resistivity  plotted  as  a  function  ol  annealing 
temperature. 
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(■ig.  4  Relaxation  frc(|ucncics  rietermined  for  films  of 
varying  thickness  shows  a  dtop  for  ihinncr  films. 
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reality,  it  should  lie  smalU'i  by  a  thickness  e<|niil  to  liiai 
of  the  disinihcti  layeis.  in  our  earlier  study  i  I  |,  the 
high  Ireipicncy  dielcciiic  iclaxalion  was  alluded  l«>  ilic 
loMiialion  itl  low  lesislivily  surface  layers  whose 
resistivity  changes  with  lire  annealing  conditions;  from 
I'ig.  3,  it  is  apparent  that  higher  annealing  Icmpciuturc 
restilts  in  lower  resistivity  of  this  anomalous  layer. 
Maintaining  the  same  processing  paiamelcrs,  dielectric 
relaxation  ficipicncies  ol  films  varying  m  thickness 
from  n.  15  pm  to  0.75  pm  were  determined  (Fig.  4); 
llimncr  films  aie  privy  to  lower  relaxation 
fretpiencies.  indicating  heightened  scnsniviiy  to  the 
interface  layer  lotmaimn  When  Ihe  thermal  budget 
was  tedneed  dining  aimc.iltng  by  lowering  the  dwell 
lime  horn  (lO  sccomls  to  lit  seconds,  there  was  no 
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l-ig.  3  Diciccine  pci milliviiy  pintict!  ;is  :i  function  <>( 
frctpiency  for  vaiious  nnncnlinp  tcnipcialuics  but  will) 
a  rciluccii  dwcil  lime  of  10  seconds. 


rrequciicj  (MHz) 


lap  (<  rite  fietiuency  cliaiacleiisiies  of  leitoelecUic 
lilms  (a),  and  paiaeli-' It  ic  IfS  I  lilms  (b);  note 
l!ie  non-dispersi\ c  Itehavitir  ii|Mo  tlic  measmed 
lic(|iieticy  of  !  (ill/  liy  a  caicful  control  of  Ifie  prowlli 
of  ilir  inieiface  layer. 


evidence  of  lelaxalion  in  films  annealed  at  ‘>0(1  to 
(i00'*C  (Tiji;.  ')).  interface  layer  growth  nray  thus  be 
controlled  let  eliminate  low  ftec)uencv  dielectric 
dispersion,  lixicnding  this  theme,  by  nianipulalnig  the 
piocessing  paiameieis,  the  low  fietiuency  diclccliic 
permillivily  and  toss  of  the  (’ZT  films  could  be 
.sustained  u|ilo  a  GHz,  as  shown  in  big  ba  A  solid 
.sidniion  sysiein  embiacing  coinposilion.s  that  is 
paraelecliic  at  room  lempcialuie  is  llic  (Ha.  Srf'liO^ 
(H.S!)  system:  specilically.  thin  films  in  tlte  U.Sr 
system,  of  composition  coires|K)nding  to  a  Ha/Sr  iiiolc 
lalio  of  .“iO/.SO.  fabricated  by  the  srd-gel  chemical 
Icchnitjuc.  revealed  dispersion-lrce  dielectric 
charactersislics  (big.  (ib)  lor  measuicmenis  upio  a 
GHz. 


Suiiiiiiart 

biiilier  studies  of  both  bulk  cetamics  and  thin 
films  has  shown  that  llie  utility  of  feiioeleclrics  for 
liigti  lierpiency  tipplicalions  is  limited  on  account  of 
the  dielectric  dispersion  at  I  MHz.  to  a  few  hundred 
Mllz  depending  on  the  specific  material.  ’Ihe  present 
endeavor  has  sliown  iliat  by  a  deliberate  interplay  of 
the  piocessing  pai ametcis.  dielectric  rcla.saiion  in  the 
I’/.  I  lilms  can  be  |)fevenlcd  upto  a  GHz  Idims  that 
ate  Ictioeleciiic  at  loom  iciiiperaiiiie  are  niinnMiolly 
subjected  to  relaxation  due  to  the  piezoelectric 
clamping  of  grains  or  domtiins,  and  the  inertial 
response  of  domain  wall  movement  It  would 
tlieieloie  appetii  prudent  to  examine  the  feasibility  of 
films  that  aie  paiaeicctric  at  ttrom  icmpcratuic  for 
high  Iteipiency  ap(dicai!ons;  Hati  sSi(i  y  f'iOt  falls  in 
this  categoiy.  and  the  fiisl  results  ate  indeed 
jiiomising. 
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The  crystal  structure  of  BaTiOs  thin  films  fabricated  by 
RF-magnetron  sputtering  has  been  investigated.  As- 
sputtered  films  exhibited  a  cubic  structure  with  a  small 
grain  size  of  about  6-8nm.  After  annealing  at  a  tem¬ 
perature  above  llOO’C,  the  crystal  structure  changed 
from  cubic  to  tetragonal,  because  the  annealing 
process  caused  grain  growth.  The  critical  grain  size  of 
the  thin  films  which  provided  the  cubic  structure  exist¬ 
ed  in  the  range  of  0.1-0.2/jm.  This  value  agreed  well 
with  the  critical  grain  size  of  BaTiOs  fine  particles, 
0.12  ,Mm. 

Key-words  ;  RF-ma^iicIron  sputtering.  BaTiOj  thm  film. 
Annealing  process.  Critical  gram  size.  Phase  transition 


1 .  Introduction 

With  increasing  the  demand  for  ferroelectric  thin 
films  for  the  applications  to  optical  wave  guides,  non¬ 
volatile  memories  and  so  on,  many  studies  have  been 
attempted  using  RF-sputtering  and  other  thin  film 
fabrication  techniques.'’"^*  However,  ferroelectric 
films  fabricated  by  these  methods  frequently  have 
not  shown  so  good  ferroelectriv.ity  as  seen  in  bulk  sin¬ 
tered  ceramics  or  single  crystals.  Although  many 
researchers  have  attempted  to  give  explanations  to 
this  phenomenon,  they  have  been  insufficient  so  far. 

Nagatomo  et  al.  have  reported  that  the  ferroelec¬ 
tric  BaTi03  thin  film  could  be  prepared  at  a  relative¬ 
ly  low  substrate  temperature  of  700”C  by  using  RF- 
planar-magnetron  sputtering,  however,  the  ferroelec- 
tricity  of  those  films  was  weak  or  absent  for  the  fine¬ 
grained  film,  and  it  was  necessary  to  anneal  at 
lOOO'C  in  order  to  obtain  ferroelectric  BaTiOj  films 
with  high  quality.”'*’  They  have  explained  these 
phenomena  by  the  90°  domain  model  suggested  by 
Arlt  ct  a!.'"’’  However,  the  reason  why  the  fine¬ 
grained  film  exhibits  cubic  symmetry  and  non-ferroe- 
lectric  properties  has  not  been  discussed. 

The  purpose  of  this  study  is  to  clarify  why  the  as- 
grown  BaTi03  thin  films  do  not  show  ferroelectrici- 
ty.  Our  discussion  is  based  upon  tiie  “critical  gram 
size”  model. 

We  have  reported  the  particlo/grain  size  depen¬ 
dence  of  fcrroelectricity  for  powder  and  polycrystal¬ 


line  samples  of  BaTi03,  and  clarified  that  both  the 
tetragonality,  c/a.  and  the  Curie  temperature,  T^, 
are  decreased  drastically  at  a  particle  size  of  0.12 
//m.*’’  Fine  particles  less  than  this  critical  grain  size 
will  not  exhibit  fcrroelectricity  because  the  crystal 
lattice  becomes  a  cubic  structure. 

In  order  to  explain  this  phenomenon,  we  have 
proposed  an  “effective  surface  tension"  model.*’’-^'  A 
fine  particle  with  R  in  radius  experiences  a  hydrostat¬ 
ic  pressure  of  2y/R  iy:  surface  tension),  and  this 
hydrostatic  pressure  decreases  the  Curie  tempera¬ 
ture  of  the  particle  down  b'^low  room  temperature 
and  changes  (he  structure  into  cubic.  It  is  interesting 
that  the  revealed  in  perovskite  ferroelectrics  (tPb. 
BajTiOj.  (Ba,  Sr)Ti03)  shows  an  almost  constant 
value  of  50N/m.  This  extraordinarily  large  value 
has  not  been  explained  yet.  however,  it  may  be  at¬ 
tributed  to  the  surface  layer  generated  by  the  perma¬ 
nent  dipoles. 

2.  Experiments 
2.1  Sample  preparation 
The  BaTi03  film  was  deposited  by  using  an  RF- 
magnetron  sputtering  system  (Anelva,  SPF- 
430HS).  Corning  7059  and  fused  quartz  substrates 
with  15  mm  x  15  mm  x  1  mm  in  size  were  used. 
All  the  substrates  were  cleaned  by  using 
trichloroethane(TCE)  and  acetone,  and  then  placed 
in  a  stainless  steel  holder  by  clips  prior  to  film  deposi¬ 
tion.  The  target  had  a  stoichiometric  composition  of 
BaTiOs  with  purity  of  99.9?^.  The  size  was  100  mm 
in  diameter  and  5  mm  in  thickness.  The  sputtering 
conditions  are  summarized  in  Table  1.  The  thick¬ 
ness  of  the  sputtered  films  was  more  than  2fjm, 
much  thicker  than  the  grain  size. 

In  order  to  control  the  grain  size  the  as-sputlcred 

Table  1.  Summary  of  sputtering  conditions. 

« <*  1  ur'*  rfO!"  » I'w&er  »t  ur  e  800°C 

fUf  po’xev  700^' 

sub'it  rJkSt*eir*  41  - 

®  **  ■  ?  0^* 

Spvil  t r*«3  r  3 l^rs 


thin  films  were  annealed  at  the  temperature  range  of 
600°-1200'’C  for  12  h.  Chemical  analysis  of  the  com¬ 
position  was  made  by  the  ICPSduductively  Coupled 
Plasma  Spectroscopy)  method  and  the  Ba/Ti  ratio 
was  proved  to  be  nearly  1.0. 

2.2  Measurement 

An  X-ray  diflVactometer  (JEOL,  JDX-llPA)  was 
employed  to  examine  as-grown  and  annealed  thin 
films.  The  crystal  symmetry  arid  the  consequent  lat¬ 
tice  constants  of  samples  were  calculated  by  averag¬ 
ing  the  {100}  and  {200}  reflections  of  the  BaTiOa 
perovskite  cell.  Average  grain  size  in  the  range  of 
sub-micron  was  determined  from  SEM  (Hitachi,  S- 
900)  micrographs  using  a  line  intercept  method.  In 
the  range  of  grain  size  of  nano-meter  Scherrer’s 
equation®'  was  used  for  {100}  peaks.  The  grain  sizes 
determined  by  SEM  and  X-ray  diflraction  were 
almost  the  same  (-0.1  //m)  for  the  sample  annealed 
at  1000°C;  this  suggests  that  the  crystallite  size 
almost  corresponds  to  the  grain  size. 

3.  Results  and  discussions 

Figure  1  shows  the  X-ray  diffraction  patterns  of 
as-grown  films  sputtered  at  the  gas  pressure  of  1.0 
Pa  for  various  substrate  temperatures.  The  film  sput¬ 
tered  at  room  temperature  showed  an  amorphous 
phase,  but  the  film  fabricated  above  500'’C  showed  a 
crystalline  phase.  The  lattice  constant  decreased 
with  the  substrate  temperature  from  4.15A  at  500"C 
down  to  4.07A  at  800’C.  but  it  was  still  larger  than 
that  of  sintered  BaTiOa  (a  :  S.OSOA,  c  :  4.029A). 

Only  two  peaks  due  to  the  preferential  orientation 
along  {100}  appeared  and  the  pieference  did  not 
change  significantly  with  the  substrate  temperature. 
This  result  is  dilferent  from  previous  researches.  It 
has  been  reported  that  if  the  mobility  of  atoms  dur¬ 
ing  deposition  is  high  (i.e..  at  a  high  substrate  tem¬ 
perature),  the  films  grow  with  the  orientation  of 
(111)}  due  to  its  highest  occuiiation  density  com- 
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fig.  1.  XRD  p.otterns  of  f!ln5S  sputtered  on  the  substrate  at  vari¬ 
ous  tcmi'eraturcs. 


pared  to  the  other  planes  with  low  indices.-'  '"  The 
decrease  in  the  X-ray  intensity  and  the  peak  broaden¬ 
ing  for  the  substrate  temperature  of  800°C  seems  to 
be  caused  by  the  slight  mis-orientation  due  to  higher 
substrate  temperature. 

The  samples  were  annealed  at  various  tempera¬ 
tures  to  increase  the  grain  size  so  that  they  were  com¬ 
pared  to  the  fine  grain  ceramic  BaTi03.  Figure  2 
shows  the  XRD  patterns  of  {200}  reflection  of  films 
annealed  at  1000°,  1100°,  and  1200°C.  The  diffrac¬ 
tion  pattern  of  the  film  annealed  at  lOOO'C  shows  a 
symmetrical  pattern.  On  the  other  hand,  the  peak  of 
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Fig,  2.  XRD  peaks  of  the  1200}  refiections  of  BaTiOj  annealed 
at  various  temperatures. 


Fig.  3.  SEM  photographs  of  BaTiOj  thin  61ms  annealed  at  vari 
ous  temperatures. 

(a)  600'C,  (b)  lOOO'C,  (c)  llOO'C.  (d)  1200'C 
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tlic  film  .iiiiioalcd  at  1100°C  or  I200'C  skews  to  the 
right  side  from  tiic  center,  revealing  an  additional 
peak  at  a  lower  angle.  This  seems  to  be  allribuled  to 
the  appearance  of  the  (002)  peak,  although  tiie  peak 
was  not  entirely  separated  from  the  (200)  peak.  In 
conclusion,  the  phase  transition  from  cubic  to 
tetragonal  was  caused  by  thermal  annealing  at  the 
temperature  above  1100°C.  The  niicrostructure  of  an¬ 
nealed  samples  was  observed  by  using  SEM  and  the 
results  are  shown  in  Fig.  3.  By  the  annealing 
process,  the  grains  grew  from  about  40nm  to  350nm. 

Figure  4  plots  the  relationship  between  the  grain 
size  and  the  annealing  temperature,  where  the  crys¬ 
tal  structure  is  also  indicated.  The  crystal  structure 
was  cubic  below  0.1  ^m  in  grain  size,  and  tetragonal 
above  0.2  /rm.  Therefore,  it  is  shown  that  the  critical 
grain  size  might  exist  between  0.1  and  0.2  >mi.  This 
result  agrees  exactly  with  that  ol)taincd  by  the  study 
on  the  particle  size  dependence  of  (he  crystal  struc¬ 
ture  of  fine  powder  BaTi03,'''  where  the  critical 
grain  size  was  indicated  to  be  0.12 //m.  The  grain 
size  of  as-sputtered  thin  films  ranged  over  6-8nm  in 
this  study  lijima  has  reported  that  the  grain  size  of 


Fig.  4.  Relationship  between  grain  size  and  annealing  tempera¬ 
ture  The  crystal  syiiiinetry  is  also  indicated. 


evaporated  BaTiO,  thin  films  ranges  over  35-70nm 
and  the  film  without  heat  treatment  did  not  show  any 
ferroeleclric  properties,^'  Although  there  are  some 
ditrcrences  among  these  values  due  to  fabrication 
methods,  both  of  them  are  below  the  critical  grain 
size,  0.12  nm.  Accordingly,  it  can  be  thought  that  the 
cubic  structure  and  non-ferroelectric  properties  of 
as-sputtered  films  are  attributed  to  the  small  grain 
size. 

4.  Conclusions 

The  results  of  this  study  are  summarized. 

( 1 )  As-sputtered  films  prepared  on  the  substrate 
of  500°-800'C  exhibited  a  cubic  crystal  structure. 

(2)  The  crystar  structure  of  sputtered  films 
clianged  from  cubic  to  tetragonal  after  annealed  at  a 
temperature  above  HOOT. 

(3)  The  critical  grain  size  separating  cubic  and 
tetr  agonal  phases  existed  in  the  range  of  0.1 -0.2  /rm, 
and  was  in  good  agreement  with  the  critical  grain 
size  of  0.12  /mi  determined  from  the  fine  powder  of 
BaTiOj. 
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SIZE  EFFECTS  IN  FERROELECTRIC 
THIN  FILMS 


ROBERT  E.  NFWNKAM.  I<  H  UDAYAKUMAH, 
AND  SUSAN  TROLIER-McKINSTRY 


INTRODUCTION 


Ikgiiuiing  witli  work  on  tlte  niclling  behavior  of  incUils,  il  has  been  rcporicd 
(hill  niiiny  pliasc  Iransilions  are  siiseeplibic  (o  size  clleels.  Tlie  inelling  point  of 
hulk  gold,  for  example,  is  1.137.58  K,  but  ibis  Icmperalvn  c  drops  rapirlly  for  grain 
sizes  below  ((KJ  A  (Kig.  36.1).  This  decrease  in  the  phase  transition  temperature 
has  been  allrilnitcd  to  the  change  in  the  ratio  of  surface  energy  to  volume  energy 
us  a  function  r>f  particle  size.  Thus,  for  spherical  particles  of  rarlius  r,  (lie  melting 
(cm|icra(urc  can  lie  predicted  from  [Uq.  (36.1)] 

AUdt'-AS  Oil  A  =  0  (36.1) 


where  All  and  A.S  are  the  changes  in  internal  energy  and  entropy  on  melting,  o  is 
'hit 'n(ic'Mi<ciili ';!ii:i 'ly  belween  the  liquid  and  the  solid,  aiul  I,  is  the  nrelting 
temperature  of  (he  particle.  If  A.V  and  All  are  temperature  mclepeiilieiU.'flien'fiie 
difference  between  the  bulk  and  sntall- particle  melting  temperatures  is  inversely 
proportional  to  the  particle  radius  according  to 


•/;,  -  •»;  ^  20 

■/«  /»f.r 


(16.2) 


( Pnuessiini  of  AifititHiut  Moferuth. 
i  dilcil  hy  l.arry  1..  Ilctich  ;tiid  Jon  K.  West. 

!SUN  0-471. IV)2  Jolm  Wiley  ;mcl  Sons.  Inc 


379 


380 


CHAPTER  36:  FERROELECTRIC  THIN  FILMS 


Pwtiti*  dtonwtM 

Figurf  .Vi.l.  ivtcltiiig  tcinpcralurc  of  gold  panicles  as  a  funclion  of  size  Taken  from  Ref.  [I] 


where  L  is  the  heal  of  fusion,  p  the  densily,  and  7^  the  bulk  melting  point. 

It  is  interesting  that  many  types  of  equilibrium  phase  transitions  display 
comparable  size  effects.  In  addition  to  the  data  on  gr'd  particles,  the  melting 
temperatures  of  copper  [3],  tin  [4],  indium  [5],  lead,  and  bismuth  [2]  particles 
and  thin  films  have  all  been  shown  to  be  size  dependent.  Similarly,  the 
superconducting  transition  depends  on  size  both  intrinsically  [6, 7]  and  extrinsi- 
cally  if  the  stress  exerted  on  the  superconducting  phase  is  different  at  different 
sizes  [KJ  Superffuid  transitions  in  He-im,  ,ated  powder  compacts  and  thin 
films  also  depend  on  cither  the  film  thickness  or  the  size  of  the  pore  diameter  [9]. 

In  fcrroic  materials,  both  the  presence  of  domain  walls  and  the  fcrroic 
transition  itself  arc  inffucnccd  by  crystallite  size.  While  this  has  not  previously 
freen  critical  to  most  applications,  with  the  growing  imporlancc  of  thin-film-  and 
small-particle-based  devices,  it  is  becoming  important  to  understand  the  size 
effects  expected  in  fcrroic  materials. 


REVIEW  OF  FERROIC  SIZE  EFFECTS 

In  brief,  we  expect  four  regions  in  the  size  dependence  of  ferroic  properties  (Fig. 
30.2).  In  large  crystallites,  multidomain  effects  accompanied  by  hysteresis  take 
place.  Reductions  in  size  lead  to  single-domain  particles  and,  at  yet  smaller  sizes, 
to  destabilized  ferroics  with  large  property  coefficients.  Finally,  at  sufficiently 
small  sizes  a  reversion  to  normal  behavior  is  expected  at  the  point  where  there 
arc  simply  too  few  unit  cells  to  sustain  cooperative  behavior.  Similar  transitions 
with  size  arc  expected  in  secondary  ferroics.  As  an  introduction  to  the  intrinsic 
size  effects  in  ferroelectric  films,  it  is  instructive  to  review  what  is  known  about 
the  transitions  between  regions  in  ferroic  particles. 

Beginning  with  the  larger  end  of  the  size  spectrum,  it  is  well  known  that  large- 
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grained  ferroic  ceramics  exhibit  complex  domain  structures  that  are  bordered  by 
several  types  of  domain  walls.  As  the  size  of  the  system  decreases,  however,  the 
volume  free  energy  necessarily  decreases  as  well,  and  it  becomes  increasingly 
difficult  to  support  the  free-energy  term  associated  with  domain  walls  [lOj. 
Consequently,  the  number  of  domains  is  expected  to  diminish  as  first  one  and 
then  the  other  types  of  domain  walls  are  eliminated.  The  transition  from 
polydomain  to  single-domain  behavior  is  well  documented  in  a  number  of 
ferromagnels.  Pure  iron  suspended  in  mercury,  for  example,  shows  a  critical  size 
for  conversion  to  single-domain  behavior  at  ~23nm  and  Feo  4Coo  *  a  critical 
size  of  ~28nm  [1 1].  This  is  in  good  agreement  with  the  calculations  of  Kittel, 
who  suggested  20  nm  as  the  minimum  size  for  multidomain  behavior  in  magnets 
[10].  Results  for  acicular  agglomerates  of  y-FejOj  particles  separated  by 
nonmagnetic  grain  boundaries  are  also  consistent  with  these  estimates;  Berkow- 
itzet  al.  [12]  report  that  the  stable  single-domain  range  at  room  temperature  is 
centered  at  '^40nm. 

Although  the  loss  of  multidomain  behavior  in  ferroelectric  ceramics  is  known 
to  occur  for  much  larger  grain  sizes  (approximately  several  tenths  of  a 
micrometer),  it  is  also  clear  that  the  stress  state  in  a  monolithic  body  containing 
domains  is  considerably  more  complex  than  that  for  isolated  particles.  Conseq¬ 
uently,  the  changes  in  fcrroic  properties  as  a  function  of  size  in  ferroelectric 
powders  are  expected  to  follow  the  ferromagnetic  analog  more  closely.  This  is 
born  out  in  experiments  on  0-3  PbTiOj/polyiner  composites  in  which  the  filler 
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Figure  36.2.  Transitions  in  ferroic  behavior  as  a  function  of  size. 
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particle  size  was  varied.  Lee  el  al.  [13]  report  that  there  is  a  significant  drop  in 
the  ability  to  pole  such  composites  for  filler  particles  smaller  than  ~200nm. 
Assuming  both  that  the  small  particles  were  well  crystallized  and  that  the 
particle  size  distributions  were  narrow,  this  implies  that  transition  from 
multidomain  to  single  domain  occurs  in  PbTiOj  particles  near  200  nm. 

At  still  smaller  sizes,  ferroic  materials  undergo  a  phase  change  to  the  high- 
Icmpcraturc  prototype  group.  In  the  case  of  ferromagnetic  particles,  this  has 
been  correlated  with  the  size  at  which  the  decrease  in  volume  free  energy 
accompanying  magnetization  is  on  the  order  of  the  thermal  energy  [14].  As  a 
rc.sult,  the  spin  direction  is  randomized  with  lime,  leading  to  an  unmagnetized 
hut  highly  oricntable  single-domain  crystal.  Thus,  a  magnet  in  this  size  regime  is 
characterized  by  a  zero  net  magnetization,  the  disappearance  of  a  magnetic 
hysteresis  loop,  extremely  high  magnetic  susceptibilities,  and  a  symmetry  that, 
on  average,  is  higher  than  that  of  the  ferromagnetic  phase.  Iron  exhibits 
superparamagnelic  behavior  al  particle  sizes  near  7  nm  [II],  y-FejO^  al 
~30iim  [12]  and  Ual^c,  j - 2,Ti,Co,0|9  at  15-35  nm  depending  on  the  stoich¬ 
iometry  and  the  degree  of  particle  shape  anisotropy  [15].  The  loss  of  the  ferroic 
hysteresis  loop  coupled  with  the  ability  to  respond  strongly  to  the  presence  of  a 
magnetic  field  has  beer  utilized  in  a  variety  of  applications,  including  fer¬ 
romagnetic  fluids  and  high-frequency  transformers  where  eddy  current  losses 
are  a  problem. 

A  similar  mechanism  has  been  proposed  to  explain  the  dielectric  and  elastic 
properties  of  rclaxor  fcrroclcctrics  [16, 17].  Compositions  including  many  of  the 
A(lj',,2,  U|,2)0,  and  AlU'j,.,,  exhibit  microdomains  (typically  2-30nm  in 

size)  of  I  ;  I  ordering  on  the  B  sublatlice  dispersed  in  a  disordered  matrix.  It  has 
been  suggested  that  as  a  result  of  this  nanostructure,  the  spontaneous  polarizat¬ 
ion  in  these  materials  is  also  siibdjvidctl  into  very  snvll  local  regiorrs.  Thus,  a 
lead  magnesium  niohalc  ceramic  can  be  regarded  as  a  collection  of  disordered 
but  highly  onenlable  dipoles.  1  he  result,  much  like  the  case  of  superpara¬ 
magnetism,  is  a  high  dielectric  permittivity  over  a  broad  temperature  range  even 
though  the  net  spontaneous  polarization  is  zero.  Because  of  the  long  range  of  the 
electric  fields  induced  by  the  local  dipoles,  however,  there  is  more  interaction 
between  the  local  electric  dipoles  than  was  present  in  the  ideal  superparamagnet. 
Conscquenllv.  the  superparaelectric  behavior  in  relaxor  ferroelectrics  is  modu¬ 
lated  by  coupling  between  local  moments,  so  that  a  spin  g'ass  model  is  necessary 
to  describe  the  phase  transition  behavior  [17].  Evidence  for  the  importance  of 
the  size  of  the  microregions  is  given  in  experiments  on  materials  that  can  be 
ordered  by  heat  treatment.  As  the  scale  of  the  ordered  regions  grow  beyond  a 
certain  size,  the  material  reverts  to  ordinary  ferroelectric  (or  antiferroelectric) 
behavior  with  a  well-defined  transition  temperature  and  a  nondispersive 
dielectric  response. 

As  yet,  direct  observation  of  superparaelectric  behavior  in  particulate 
ordinary  fcrroclcctrics  has  not  been  documented.  Recently,  however,  many 
investigators  have  attempted  to  determine  the  critical  size  for  reversion  to  the 
high-tcmperalure  prototype  symmetry  [18-20]  vs  in  the  case  of  the  melting  of 
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Figure  36.3.  Transition  tcmperaiure  for  ferroclccifii:  powder  Data  from  Refs.  [18. 19J, 


mc(al  particles,  as  the  particle  size  is  decreased,  the  transition  temperature  drops 
markedly  (Fig.  36.3).  While  at  larger  sizes  the  high-symmetry  phase  is  the 
ordinary  paraclcclric  phase,  as  the  size  of  Ihc  fcTtoclcctnc  particles  becomes 
small  enougli  that  thermal  energy  can  disorder  the  dipoles,  there  should  he  a 
transition  frotn  paracicctric  to  supcrparaelcctric  particles.  The  reported  results 
indicate  that  unconstrained  Ual  iOj  particles  show  the  transition  to  a  ubic 
phase  near  80-  I20nm  [19],  whereas  PbTiOj  is  stable  in  the  tetragonal  form  to 
~IO“20nm  [13,18].  Ilccausc  it  is  didiciilt  to  characterize  the  electrical 
properties  of  such  small  particles,  it  is  not  known  if  and  when  the  high-symmetry 
particles  actually  become  supcrparaelcctric.  On  the  other  hand,  NaNOj  shows 
only  some  broadening  m  the  dilfcrcntial  thermal  analysis  (DTA)  characteristic 
for  the  ferroelectric  phase  transition  with  no  change  in  the  transition  temper¬ 
ature  for  particle  sizes  down  to  5  nm.  While  it  is  an  order-disorder  fcrrocicciric, 
and  so  might  have  different  size  dependence  for  the  properties  than  woiikl  a 
displacivc  ferroelecti.c,  it  is  interesting  that  there  is  no  evidence  for  siipcrpara- 
clcctricily  even  at  particle  sizes  of  Sum. 

It  is  also  critical  to  note  that  it  is  possible  to  shift  the  critical  size  for  reversion 
to  iiigh-lcmperaturc  symmetry  with  changes  in  Ihc  processing  Residual  struins, 
in  particular,  have  been  shown  to  drastically  affect  the  properties  of  HaTiOj 
[21]  Ihus,  i!  is  not  surprising  llial  licavily  milled  DaTiOj  powders  With  an 
average  radius  of  ~l()niii  have  been  shown  to  possess  permanent  dipidc 
moments  [22]. 

Saegusa  et  al.  [20]  examined  (he  solid  solution  between  HaTiOj  and  I’bTiOj 
to  determine  (he  critical  size  for  stabilization  of  the  cubic  phase  to  room 
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Iciiipcriilurc  jis  a  funclH)ii  of  cotnposilion.  Assuming  lhal  crystallinity  and 
sioiLliionicIry  were  maintained  for  the  smallest  sizes,  their  data  suggest  that  the 
CMtical  sue  is  /inf  a  linear  function  of  composition.  It  would  be  interesting  to 
follow  the  magnitude  of  the  polarization  as  a  function  of  temperature  in  such 
piiwilers  to  see  how  its  magnitude  is  affected  by  particle  size. 

Although  the  general  outline  of  size  effects  expected  in  films  arc  similar  to 
those  demonstrated  in  ferromagnetic  particles,  it  would  not  be  surprising  for  the 
bound. iries  between  dilTeicnl  regions  to  shift  along  the  size  axis  for  dilTcrciit 
geometi  les.  Kitlcl  was  i>ne  of  the  first  to  exploic  this  possibility  in  ferromagnetic 
malcii.iK  I  l()|.  He  cal.eolatcd  that  in  a  lilm  where  the  preferred  magnelizalioii  i.s 
pci  pciHliciil;ir  to  the  major  sm  face,  the  mnltidomain  to  singtc-domuin  transition 
should  occni  near  .ftKtnm.  an  older  of  magnitude  larger  than  the  same  transition 
III  a  pai  liciilalc  inalcrial.  If.  however,  there  was  either  no  anisotropy  or  the  easy 
magncti/ation  dncction  fell  in  the  him  plane,  new  ty[x:s  of  domain  walls  may 
appear  and  persist  down  to  very  small  sizes 

Hie  liansilion  to  supcrparamagnctic  behavior  is  apparently  suppressed  in 
compaiatoely  perfect  thin  films  produced  in  high-vacnuin  sysfems.  probably 
because  the  large  two-dimensional  area  raises  the  volume  energy  above  the 
available  Iheimal  energy,  even  for  very  thin  lihns.  Coiuscqucntly,  regular 
leironiagnctic  behavior  persists  in  much  thinner  lilms  (down  to  ~0.5nn>  for  Ni 
liims  sandwicltcd  between  noninagnctic  layers  [2,f]|.  In  such  samples,  the 
fci  lomagnelic  transition  temperature  also  drops  rapidly  for  (iiins  <  1 5  nm  thick. 

l  ilms  that  grow  as  discrete  islands  t)f  magnetic  material  rather  tlian 
coiilmuous  laycr.s  or  liial  consist  of  nuignclic  particles  isolated  from  each  other 
b)  lummagnelic  hydride  or  oxide  layers,  on  the  other  hand,  should  behave  like 
pailiciilalc  systems  |tindergt»ing  supcrparamagnctic  transitions  appropriate  for 
the  primary  magnetic  particle  size).  This  type  of  behavior  has  been  confirmed  in 
ferromagnetic  films  that  became  supcrparamagnctic  at  apparent  thicknesses  of 
2.7  nm  iwlierc  the  filni  actually  consisted  of  5-10-nm  islands  [24])  ll  is 
mtcicstmg  that  no  change  in  titc  Curie  temperature  was  noted  before  the  onset 
of  thermal  randomizalion  of  the  spins. 

Given  this  information,  what  can  be  predicted  about  the  behavior  of 
ferroelectric  tliiti  lilms?  First,  for  an  uncleciroded  film  it  seems  likely  that 
fcrrocicciricily  will  remain  stable  at  least  down  to  thicknesses  of  —lOOnm  for 
Ua  l  iO,  and  possibly  considerably  lower  for  PbTiO,  films.  This  is  in  accord 
with  several  theoretical  predictions  for  size  cITccts  in  thin  ferroelectric  wafers.  In 
that  work,  it  was  shown  that  when  space  charge  cITccts  (wliich  will  be  considered 
in  the  following  section)  are  discounted,  the  onset  of  intrinsic  size  efTccis  is 
projected  to  fall  in  the  range  of  l-IOnm  [25], 

Multidomain  configoralions  should  also  remain  stable  down  to  very  small 
sizes.  Corroborating  evidence  for  lliis  is  suggested  by  transmission  electron 
microscopy  (Tl’M)  slmlics  of  thinned  ferroelectric  ceramics  and  single  crystals 
where,  provided  the  grain  size  is  large  enough,  domains  can  be  detected  in  foils 
Irclow  lODiiin  thick  [2()].  When,  however,  the  grain  size  in  the  film  falls  below 
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some  crilical  limit,  the  density  of  domains  will  probably  decrease  in  a  manner 
similar  to  that  shown  in  ceramics  [27] 

[■'inally,  as  in  the  case  of  the  magnetic  films,  unless  there  is  some  extrinsic 
mechanism  for  forming  discrete  polar  microregions,  the  onset  of  siipcrpara- 
clcclricity  should  be  depressed  by  tiic  relatively  large  volume  of  ferroelectric. 


THIN-FILM  SIZE  EFFECTS 

The  experimentally  observed  si/c  effects  reported  in  the  ferroelectric  thm-lilm 
literature  fall  into  four  major  categories:  an  increase  in  the  coercive  held,  a 
decrease  in  the  remanent  polarization,  a  depression  in  the  dielectric  constant, 
and  a  smearing  of  the  paracicctric -ferroelectric  transition  over  values  expected 
from  bulk  materials  of  (lie  same  compositiim  Typical  data  on  the  lirsi  two 
observations  are  listed  m  Table  fft.l,  the  third  is  tlepicted  in  Fig.  36.4,  and  the 
fourth  point  is  discussed  by  Hiryukov  ct  ai.  [2K].  One  point  that  is  immctliately 
apparent  from  1  able  36.1  ami  a  perusal  of  literature  tlata  is  that  ileviations  from 
bulk  properties  arc  nearly  universal,  but  the  thickness  at  which  the  properties 
begin  to  diverge  and  the  magnitude  of  the  disparity  are  sliongly  dependent  on 


Mslire  .16.4.  Temperalurc  tiepcnticntcs  nf  r  (it)  and  Ian  1  (hi  fur  (Ua.SrlTK),  lilms  film  ihickness  J 
tmicTomeleis)  (1)  t)  1.  (2)  0  3.1,  (1)  0  5;  (4)  t.O,  (5)  20;  |6)  5.0,  t7>  «.2.  Data  from  Ref  152]. 
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I  AllI.r.  Ift.l.  KtiiiMncnl  i*i>lari/.alinn  and  C'nercive  l-'icld  in  a  Number  of  f’erovskile  Films 


MalcM;il'' 

/’.tpOcni^) 

£,  (kV'/cni) 

Reference 

Single-crystal  I’lVliOj 

~55  75 

6.75 

35 

S..I  gel  I'bTiO, 

3  .37 

54  8 

36 

Spullereil  10(11)  I’lvI  iO, 

55 

75 

37 

Sputtered  (001)  I’b'liO, 

35 

160 

38 

Spullcrcd  or  CVI)  I’hliO, 

12 

250 

39 

fVI)  ((H)l)  I’hliO, 

14  1 

20.16 

40 

Hulk  PZI  .<18/42 

45 

17 

41 

Sol  gel  PZT 

36 

42 

Sol -gel  PZT  53/47 

12 

ISO 

43 

Sol  gel  I’ZT  52/48 

35 

.34 

Sol  gel  PZT 

18-20 

50-60 

44 

.Sot  -  gel  I’Z  r  4<)d.() 

66 

26.7 

45 

Spuiieicd  PZI  9(1/10 

13  9 

60.0 

46 

.Spullered  P/'f  58/42 

.300 

25 

41 

Spullercd  PZT  65/.35,  weak  (100) 

12.5 

90 

47 

Spullcrcd  PZT  6.V-35 

.3.6 

33 

47 

Sol  gel  PLZT  2/54/46 

28.5 

190 

48 

Singlc-cryslal  llaTiO, 

26 

I 

49 

Polycrystalliiic  Ha  fiOj 

8 

3 

49 

Spullered  HaliO, 

OR 

3 

50 

Scrccit-prinlcd  HaTi„  „,.Sn„  mO, 

1,7-28 

25 

51 

Spulleieit  ((K)l  I  Ha  1  K2, 

7 

60 

33 

Spullcrcd  HaTiOj,  weak  (101) 

16 

20 

33 

'Al>hre\t,ih(in^  t'V(),  thrmicjil  vapor  deposiliun.  PZT.  lead  zirconale  lllanale:  PLZT.  lead 
lalliaiiiiin  zirconalc  lilanale 


the  picparalion  tomJilions  Conscqucnlly,  films  produced  at  one  laboratory 
may  display  marked  size  cfTects,  while  others  of  tlic  same  thickness  and 
composition  possess  bulk  properties. 

1  he  reasons  for  this  type  of  discrepancy  lie  in  the  variety  of  mechanisms 
caiismj:  (he  apparent  size  effect.  Included  among  these  are  microslructural 
lietcrogcncities.  variations  in  crystalline  quality,  mechanical  stresses  impo.scd  on 
the  film  by  the  substrate,  space  charge  effects,  and  finally  intrinsic  size  effects  It 
is  critical  to  note  that  the  first  two  of  these,  which  in  the  opinion  of  the  authors 
account  for  the  majority  of  the  "size  effects”  observed  in  Ihiii-filin  properties,  arc, 
111  fact,  size  independent.  It  is  fortuitous,  then,  that  many  film  preparation 
techniques  produce  films  that  arc  defective  and  would  remain  defective  even  if 
macroscopic  .samples  could  be  fabricated. 

Inhomogcncily  in  the  film  inicrostructurc  can  lake  the  form  of  incorporated 
porosity,  surface  and  interface  roughness,  or  variations  in  the  grain  size.  In 
particular,  many  fcrrocicctrics  grown  by  vapor  deposition  processes  arc 
columnar  and  should  be  expected  to  have  low  densities  (Fig.  36.5).  This,  in  turn. 
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Figure  363.  SlriicKire  of  spiillereii  litm  as  a  function  of  gas  ptcssuic  and  norinali.icd  st.bslraie 
Icniperalure  (37J. 


could  apprecisibly  lower  llte  dielectric  constant  and,  if  llicre  was  poor  coupling 
between  tbe  grains,  would  increase  the  coercive  field  as  well  [29j.  f'. ven  in  films 
that  appear  dense,  Dudkevich  et  al.  have  shown  that  (he  microslructiirc  may 
change  comimiousty  as  a  function  of  lilm  thickness  I  luis,  (or  sputtered 

01*0  ssSfo  lihns,  thinner  films  tend  to  be  composed  of  small  particles 

(I5nm  for  a  4-nm-thick  film)  where  thicker  films  show  a  distribution  of  grain 
sizes  ranging  from  the  very  line  particles  deposited  next  to  the  .substrate  to  larger 
grains  at  the  film  surface  (2C()-300nm  for  a  film  2000nm  (hick).  Given  (his  type 
of  niicrostructural  heterogeneity,  it  is  no  wonder  that  many  properties  appear  to 
depend  on  film  thickness.  As  the  absolute  grain  size  at  any  given  thickness  is 
expected  to  be  a  sensitive  function  of  birth  the  deposition  conditions  and  any 
postaniicaling,  samples  prepared  at  dilTcrent  laborat<»ries  should  Irchave 
differently. 

A  second  significant  influence  on  (hin-iilni  properties  is  (he  crystalline  quality 
of  (he  ferroelectric  material.  It  is  known  (hat  the  loss  of  clear  X-ray  diffraction 
peaks  is  coupled  to  (he  disappearance  of  the  paraelcclric-ferroclcclric  phase 
transition.  Unfortunately,  many  film  deposition  techniques  also  result  in  poor 
crystallinity.  During  sputtering,  for  example,  the  growing  film  is  siibjcctcrl  to 
bombardment  by  high-energy  ions.  While  this  can  be  advantageous  in  Icrnts  of 
providing  additional  energy  to  liic  deposit  and  increasing  the  surface  mobility, 
heavy  bombardment,  particularly  al  low  substrate  temperatures,  can  also 
introduce  higli  defect  concentrations.  In  chemically  prepared  thin  films,  on  the 
other  hand,  low  annealing  lein|-ierat tires  can  be  insufficient  to  crystallize  the 
ferroelectric  phase  fully. 

Fast  neutron  irradiaiiuu  of  DaTiOj  single  crystals  (neutron  energy  ^  SUkcV), 
for  example,  eventually  introduces  suflicicnl  defects  that  the  material  lia'islorms 
into  a  melastable  cubic  state  with  an  expanded  lattice  parameter  [.fl].  Having 
undergone  this  transition,  no  displacivc  transformation  lo  the  tetragonal, 
ferroelectric,  slate  can  be  detected  at  temperatures  above  78  K.  Allbough  the 
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hulk  s' ill  dis|il;iy,>:  .';utnc  long-range  order,  the  X-ray  peaks  arc  broadened  by  a 
factor  of  5  over  the  unii radiated  crystal,  and  it  is  not  unlikely  that  she  surface 
was  compicicl}  ainoiphi/ed  Annealing  to  IlKKl  C  is  requited  before  the  lattice 
paiaineter  rciascs  back  to  Us  initial  value.  Unfortunately,  in  many  thin  films, 
aiiiicaliiig  lciii|iciiilurcs  aic  Kc()t  as  low  ;is  possible  to  ininiim/e  changes  iii 
stoichioinctsy  While  this  may  help  maintain  the  |x:rovskilc  structure,  it  is 
|iioli.ihlc  ihal  ‘'(10  700  ( ■  IS  insnflicicnT  to- cTystatltvc  amorphous  or  badly 
damaged  lilms  lully  Many  authors  working  with  either  vacuum-dc[>ositcd  or 
chcinically  picp.iicrl  (hm  lihns  icport  nuKlihcations  of  the  perovskite  structure 
with  a  slightly  expanded  ctibic  unit  cell  |  32] 

III  characici i/ing  the  crystallinity  of  fenoelectric  films.  Surowiak  cl  al  [33] 
nicasuicd  lalticc  strains  in  sputter-deposited  llaliO,  films  They  found  that 
litius  that  experienced  heavy  hombardmenl  during  growth  tended  to  have  more 
heavily  ilcfoimcil  crystallites  (i.c..  the  mean  microdcformalion  Ad/J  w-as  as  large 
as  0,01  OtKW)  aiul  small  coherent  scattering  sizes.  Larger,  less  defective 
cry  St  a  Hites  (Ad  d  <  0.0051  could  be  fortned  when  the  gtowih  conditions  were  not 
as  rigrtiotis  [33]  DilTcicnccs  between  the  two  types  of  lihns  were  readily 
at'ipaient  in  the  electrical  proiicrtics:  lower  Ad/d  values  were  associated  with 
liigli  iemanci!l  polaitzalioiis.  piezoelectric  constants  close  to  single-crystal 
v  alues,  aiul  iclatively  narrow  phase  tiansitions  This  last  point  was  examined  by 
Hiiyukov  c(  al  12X].  who  demonstrated  Ihal  films  with  large  lattice  strains 
slu'uhl  be  expected  to  show  diffuse  pitasc  Iratisiltons.  I’oorly  crystallized  lilnis 
from  any  pre(iaiation  mcllmd  will  probably  display  low  rcmanctU  polarization, 
hiwerevl  dielectric  and  clecTromcehanical  coupling  constants,  and  diffuse  phase 
tiansitions. 

It  is  not  surpiising  that  mechanical  stresses  should  also  affect  thin-nim 
piopcHics  As  ill  most  ferrule  materials,  the  appearance  of  the  orvler  parameter 
al  (lie  liaiisiiioii  tein|>eialuie  is  aeeoinpanicd  in  perovskite  ferroelcelries  bv  a 
spontaneous  sfiain.  Domain  slruclnre  should  be  inlluenccd  by  llte  Ivpcs  of 
strains  picseni  m  the  lihn.  In  a  similar  way.  stresses  in  hetcrocpilaxial  films  have 
hecn  shown  to  alter  (lie  cquihhnum  domain  structure.  T wo-dimensional  stresses 
eat)  -Stabilize  the  ferroelectric  phase  to  higher  temperatures  in  bulk  materials  and 
this  mechanism  could  operate  in  thin  films  when  there  is  good  cohesion  between 
the  substrate  and  the  film. 

T  he  primary  dilTcrcnec  between  siz.e  effects  in  fcrromtignctic  materials  and 
ferroelectric  materials  is  that,  in  the  clcetricul  analog,  it  is  necessary  to 
cvimpcnsate  the  polarization  at  tlic  surface  of  the  material.  In  a  ferroelectric  that 
is  slightly  conducting  or  elcclrodcd  with  a  material  with  a  low  carrier  density, 
tremciidvnis  ilcpolarizatioii  fields  or  space  charge  migration  can  be  generated 
even  in  eomparalivcly  thick  lihns  (-'  I  /im).  T  hese  can  shift  the  phase  transition 
iempcralure.  lower  the  magnitude  of  the  spontaneous  polarization,  and  even 
destabilize  the  ferroelectric  phase  in  the  film. 

Despite  all  of  these  opportunities  for  extrinsic  size  effects,  there  is  evidence 
that  lihns  that  are  prepared  carefully  can  display  near  bulk  pro|>crtics  to  vety 
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Figure  34.6.  Dieleclric  consiuni  an<J  cjispersion  fiiclor  as  a  funciion  of  film  lliickness 


sniiill  thicknesses.  In  work  on  sol-gei  I’ZT  fiiins.  Udnyiikuiniir  [.M],  (or 
cxumpic,  showed  ihut  rt)on>  leniperalure  dielectric  constants  of  ~  1 3(K)  could  he 
maintained  for  hints  exceeding  3t)0nm  tliick  (l  ig.  36.6).  f  lic  bulk  rcntancni 
polarization  was  retained  to  451) nm  and  tcntaincd  finite,  lliough  reduced,  in 
films  !90nm  thick  (Fig.  36.7).  The  liigh  breakdown  strength  of  tliese  films  If'ig 
37.8)  will  also  be  critical  in  device  applications  [34]. 

In  work  on  RF-spiittered  BaTiOj  films,  Dtidkcvich  cl  al.  [.30]  showed  that 
the  size  of  the  coherent  sciitlcring  region,  I),  williin  their  films  was  nuirc 
important  than  the  tltickness  in  determining  the  macroscopic  electrical  pro¬ 
perties.  As  seen  in  Fig.  36,9,  the  dielectric  constant  increases  markedly  as  the 


PZT  Soi-Ual  Thin  Film 


Sl»  A 
4410  A 
3(40  A 
3100  A 
1910  A 


Figure  36.7.  Remanenl  poliiriTnlioii  in  I'ZT  sni  gel  Itiin  liliiis  us  u  funclimi  of  clcciric  liclj 
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Thickness  (A) 


f'igiire  .Vi.M.  l)rc;iKi}()wii  strcn^iih  a  funciion  of  Hint  Ihickness 

coherent  scaKcring  si^c  grows  larger  llian  --3()nn).  and  when  1)  reached  50 nm, 
room  (cmpcrainrc  dielectric  conslanis  exceeding  1000  were  achieved,  and  sonic 
indication  of  a  diclecUic  conslani  peak  could  be  delcclcd  at  the  Curie 
temperature  [30]. 

As  shown  in  l  able  36.t,scve>al  other  recent  papers  iiavc  demonstrated  that  it 
IS  possililc  to  achieve  hulk  or  near  bulk  properties  for  several  members  of  tiic 
(icrovskile  family. 


I Thiuc  .16.9.  Sire  ot  the  cnhertnl  scatltring  region  tcurve  1 1  and  the  dietccmc  permiliivily  (curve  3) ot 
ItaliO,  litins  us  a  funelion  of  subMtaie  rcinpcialurc.  l  akeii  from  Ref  [JOJ. 
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CONCLUSIONS 

As  tlie  field  of  ferroelectric  thin  filnis  grows,  it  becomes  increasingly  imporiant  to 
examine  the  role  of  size  effects  on  the  expected  properties.  While  intrinsic  size 
effects  similar  to  those  dcnionslraled  in  ferromagnetic  analogs  will  act  as  lower 
limits  to  the  jizc  of  ferroelectric  devices,  in  many  cases  extrinsic,  processing- 
induced  contributions  overshailow  the  fundamental  size  restrictions  Conscii- 
uently,  careful  characterization  of  films  to  determine  the  role  of  extrinsic  effects 
(i.e,,  internal  microslructurc,  interface  layers,  and  poor  crystallinity)  are  neces¬ 
sary  to  understand  relationships  between  processing  and  properties  in  fer¬ 
roelectric  films. 
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Abstract 

Spectroscopic  ellipsometry  has  been  utilized  to  non-destructively  depth  profile 
multi-ion-beam  reactively  sputtered  lead  zirconate  titanate  films.  Some  degree  of 
inhomogeneity  (in  the  form  of  low  density  layers  or  surface  roughness)  was  found  in  all 
of  the  films  examined.  The  evolution  in  the  structure  and  microstructure  of  such  films 
during  post-deposition  annealing  was  investigated  with  in-situ  spectroscopic 
ellipsometry.  It  was  found  that  the  onset  of  microstructural  inhomogeneilies  was 
assoc  ited  with  the  crystallization  of  the  perovskile  phase,  and  that  the  final  film 
microstructure  was  dependent  on  the  details  of  the  annealing  process. 

A  model  was  developed  to  approximate  the  effect  that  local  density  variations  play 
in  determining  the  net  electrical  properties  of  ferroelectric  films.  Depending  on  t,.e 
configuration  of  the  embedded  porosity,  it  was  demonstrated  that  microstructural 
inhomogeneities  can  significantly  change  the  net  dielectric  constant,  coercive  field,  and 
remanent  polarization  of  ferroelectric  films.  It  has  also  been  shown  that  lo’w  density 
regions  near  the  film/substrate  interface  can  result  in  apparent  size  effects  in 


ferroelectric  films. 


Ferroelectric  thin  films  are  potentially  useful  as  pyroelectric  sensurs, 
ferioelectric  memory  elements,  electrooptic  switches,  and  miniature  electromechanical 
transducers.  For  these  applications,  high  quality  films  with  reproducible  electrical, 
optical,  and  electromechanical  properties  are  required.  Several  growth  techniques  have 
emerged  in  the  recent  past  for  the  deposition  of  multi-cation  oxide  films.  In  all  cases, 
the  final  properties  seem  to  be  closely  connected  to  the  nature  of  the  deposition  process 
[1],  For  this  study,  multi-ion-beam  reactive  sputtering  (MIBERS)  was  chosen  for  the 
growth  of  optical  quality  perovskite  films.  Films  for  optical  applications  should  have  a 
unilorm  smooth  surface,  should  be  free  from  detects  or  inclusions,  and  should  possess 
minimal  absorption  and  low  scattering  over  the  wavelengths  of  interest.  With  the 
MIBERS  technique  the  composition,  microstructure,  and  physical  morphology  of  the 
films  can  be  controlled  by  careful  choice  of  the  growth  conditions  [2,3]. 

Unfortunately,  as  is  the  case  for  transparent  films  used  in  optical  coatings,  non¬ 
destructive  characterization  of  the  film  (including  any  variations  in  the  microstructure 
with  depth  in  the  sample)  has  in  the  past  been  difficult  to  perform.  To  alleviate  this 
problem,  this  paper  describes  spectroscopic  ellipsor~  ^try  (SE)  as  a  non-destructive, 
non-invasive  tool  for  depth  profiling  ferroelectric  thin  films  on  both  transparent  and 
absorbing  substrates. 

The  success  of  SE  for  depth-profiling  samples  was  demonstrated  in  the  1970’s 
(e.  g.  (4j).  Following  the  initial  demonstration,  careful  studies  were  undertaken  to 
demonstrate  that  the  SE  results  are  consistent  with  other  characterization  tools  [5-8]. 
SE  has  since  become  widely  used  for  characterizing  thin  film  systems  where  at  least  one 
component  is  strongly  absorbing.  Transfer  of  the  process  to  either  monolithic 
transparent  samples  or  transparent  films  on  transparent  substrates,  however,  has  been 
hindered  by  inherent  difficulties  in  obtaining  accurate  SE  data  for  such  samples.  This 
difficulty  has  recently  been  overcome  via  the  development  of  a  series  of  systematic 
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calibrations  for  a  rotating  analyzer  spectroscopic  ellipsometer  (9.10).  The  information 
derived  from  this  technique  is  particularly  useful  in  correlating  the  role  of  the 
processing  procedure  in  controlling  the  physical  structure  and  net  electrical  properties 
of  ferroelectric  thin  films. 

Film  Preparalion 

Pb(Zr,Ti)03  (PZT)  films  with  a  Zr/Ti  ratio  of  about  50/50  were  deposited  by 
multi'ion-beam  reactive  sputtering  [2],  This  technique,  as  established  earlier,  offers 
a  highly  controllable,  reproducible  deposition  process  with  excellent  uniformity  in 
composition  and  thickness  for  large  surface  area  samples.  As  substrates  for  the 
deposition  of  oriented  films,  both  (1102)  and  (0001)  sapphire  were  used  (One  side 
polished,  Union  Carbide).  The  interest  in  (1102)  sapphire  stems  from  the  fact  that  this 
orientation  can  be  grown  epitaxially  on  silicon,  leading  to  the  possibility  of  integrating  a 
PZT  electrooptic  component  on  to  a  silicon  substrate  prepared  with  a  sapphire 
intermediate  layer  (11).  In  addition,  platinum-coated  silicon  wafers  were  also  utilized 
as  substrates  for  some  films.  These  tatter  substrates  had  a  thick  Si02  barrier  layer  to 
prevent  reaction  between  platinum  and  silicon  at  elevated  temperatures,  and  a  thin  Ti 
film  between  the  Si02  and  Pt  to  improve  adhesion. 

The  depositions  were  carried  out  on  unheated  substrates  without  low  energy  ion 
assistance.  It  was  observed  that  the  substrate  temperature  rose  to  about  100'’C  during 
deposition  due  to  intrinsic  bombardment  by  the  sputtered  species.  While  the  films  on 
sapphire  were  deposited  with  a  Pb  content  very  close  to  the  stoichiometric  composition 
of  the  perovskite  phase,  the  films  on  Pi-coated  silicon  were  deposited  with  3  -  6% 
excess  Pb  to  promote  crystaflization  of  the  correct  phase  on  annealing  (2).  Some  films 
were  reserved  for  in-situ  ellipsometric  studies.  The  remaining  films  were  heated  ex- 
sHu  at  lO^C/min  to  650°C  and  soaked  at  this  temperature  for  2  hrs.  This  procedure 
yields  welt-crystallized  perovskite  films.  All  films  deposited  on  sapphire  showed  highly 


4 


oriented  X-ray  diffraction  patterns  after  annealing.  Films  on  (1102)  substrates,  as 
seen  in  Fig.  1,  were  almost  exclusively  (101)  oriented.  Similarly,  with  (0001) 
substrates,  the  films  were  also  (101)  orientated,  although  to  a  lesser  degree.  Films  on 
Pl-coated  silicon  had  a  random  polycryslalline  orientation.  Ferroeieciricity  was 
established  by  measuring  hysteresis  loops  for  the  films  on  Pt-coated  silicon  substrates. 


Ellipsometer  configuration  and  calibration 

A  schematic  of  the  rolating-analyzer  spectroscopic  ellipsometer  used  in  these 
experiments  is  shown  in  Figure  2.  In  addition  to  standard  calibrations  to  eliminate  first 
order  errors  in  the  optics  (121,  f^o  additional  steps  were  required  to  achieve  accurate 
data  for  transparent  samples.  First,  the  problem  of  detector  non-linearity  was 
minimized  by  calibrating  the  polarization  detection  system  both  for  the  presence  of 
ambient  light  and  for  variations  in  the  gain  of  ac  and  dc  components  of  the  signal  with 
changes  in  the  overall  signal  level  (13).  Secondly,  inherent  difficulties  in  accurately 
measuring  the  near  0°  (or  180")  phase  change  on  reflection  from  a  transparent  sample 
(14)  were  overcome  through  the  use  of  an  achromatic  compensator. 

In  contrast  to  the  standard  Babinet-Soleil  compensator,  the  three-reflection 
achromatic  compensator  [15]  used  in  these  experiments  produces  approximately  a  90" 
phase  retardation  for  all  wavelengths  between  300  and  800  nm.  To  correct  for  the 
remaining  wavelength  dependent  errors  introduced  by  the  compensator,  a  two- 
measurement,  "effective  source"  calibration  was  utilized.  With  this  technique,  the 
polarization  state  of  the  light  emerging  from  the  compensator  is  first  measured  at  each 
wavelength  with  the  ellipsometer  detection  arm  in  the  straight-through  position.  Then, 
the  sample  is  aligned  at  the  desired  angle  of  incidence  and  measured  over  the  same 
wavelength  range  to  obtain  a  spectrum  containing  lumped  information  on  the  sample 
properties  and  the  source  polarization.  The  change  in  the  light  polarization  due  to 
reflection  from  the  sample  itself,  the  quantity  of  interest,  can  then  be  calculated. 
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With  these  calibrations  in  place,  the  ellipsometric  parameters  A  and  4^  can  be 
measured  for  transparent  samples  to  within  0.03°  and  0.01°,  respectively,  over  the 
spectral  range  300  -  800  nm.  This  corresponds  to  an  accuracy  in  the  real  and 
imaginary  parts  of  the  refractive  index  of  0.001  (9,13)  for  a  bulk  specimen  of  vitreous 
silica  (16).  As  shown  in  Figure  3.  this  is  an  order  of  magnitude  improvement  over  the 
accuracy  which  can  be  obtained  without  these  data  correction  procedures.  It  should  be 
noted  that  the  additional  procedures  utilized  constitute  a  calibration  of  the  polarization 
detection  system,  and  as  such  are  sample  independent. 

Measurements  made  as  a  function  of  temperature  were  performed  in  a 
windowless  electrical  resistance  furnace.  As  shown  in  Figure  4,  a  kanthal-wire 
wrapped  alumina  tube  was  used  as  the  heat  source.  The  temperature  was  monitored  by  a 
thermocouple  placed  within  half  an  inch  of  the  sample,  and  controlled  by  computer.  The 
outer  shell  of  the  chamber  consisted  of  a  capped,  monolithic  brass  cylinder  machined 
with  two  1/2"  X  1/4"  holes  for  the  entrance  and  exit  beams.  Both  the  cylinder  and  the 
baseplate  were  subsequently  electroplated  with  nickel  to  minimize  oxidation  of  the 
copper  and  vaporization  of  the  zinc  at  elevated  temperatures.  Because  the  chamber  is 
windowless,  no  additional  corrections  for  the  ellipsometer  optics  were  required. 

Experimental  Procedure 

Measurements  were  made  on  films  on  sapphire  substrates  at  an  incidence  angle  of 
80°  using  the  compensator  and  the  effective  source  calibration  described  above.  For 
films  on  Pl-coated  Si,  measurements  were  performed  at  an  angle  of  incidence  of  70° 
without  the  compensator.  SE  data  were  collected  both  on  films  which  had  been  annealed 
at  650°C  for  2  hours  and  on  as-deposited  films  which  were  heat-treated  in-si(u  in  the 
ellipsometer.  For  the  in-situ  experiments,  data  were  taken  at  different  annealing 
temperatures  in  50°C  intervals  between  25  and  60  J°C.  Between  room  temperature  and 
350°C,  data  were  collected  at  the  annealing  temperature.  Above  400°C,  however,  the 
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iiim  was  Heated  to  the  desired  temperature,  soaked  for  half  an  hour,  and  cooled  below 
300°C  for  measurement  to  eliminate  errors  associated  with  glow  from  the  furnace.  In 
ail  cases,  the  film  was  healed  to  the  previous  annealing  temperature  at  5''C/min.  and 
then  raised  from  there  to  the  new  annealing  temperature  at  2°C/min.  Cooling  was  done 
at  5'’C/min  until  the  furnace  could  no  longer  follow.  After  this  treatment,  the  same  film 
was  annealed  in  a  conventional  furnace  at  eSO^C  for  2  hr  in  order  to  match  the 
maximum  annealing  temperature  experienced  by  the  ex-situ  annealed  samples. 

Following  data  collection,  the  SE  data  were  modelled  in  order  to  analyze  the  film 
thickness,  optical  properties  and  the  degree  of  inhomogeneily  present  wilhin  the  film. 

Modelling  of  the  experimental  data  was  done  under  the  assumption  of  planar 
interfaces  between  layers  with  all  layers  parallel  to  the  surface  of  the  film. 
Inhomogeneities  in  the  film  density  were  described  by  subdividing  the  film  into  a  series 
of  layers  with  different  volume  fractions  of  air  present  in  each.  Bruggeman  effective 
medium  theory  was  used  to  calculate  the  effective  dielectric  functions  of  two  phase 
mixtures.  Variables  in  the  filling  procedure  included  all  of  the  layer  thicknesses,  the 
volume  fraction  of  air  present  at  any  depth  in  the  film,  and  the  dispersion  relation 
describing  the  optical  properties  of  the  film  itself.  The  equation  used  to  describe  the 
film  refractive  index  was; 


(n  +  rk)  =  1  + 


A(1)X 


X  -  Xo^  -  i  2XA{2)  (gq 

where  (n  +  /k)  is  the  complex  refractive  index,  X  is  the  wavelength  in  nm,  Xq  is  the 
oscillator  position,  and  A(1)  and  A(2)  are  constants.  Both  Xo  and  the  A(j)  were 
determined  during  the  fitting.  To  reduce  the  number  of  variables,  the  optical  properties 
of  the  film  were  assumed  to  be  isotropic. 


Reference  optical  property  data  were  used  to  describe  the  substrate  dielectric 
functions.  For  sapphire,  reference  data  were  taken  from  Malilson  [I?)  and  Jeppesen 
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[18]  for  the  ordinary  and  extraordinary  indices,  respectively.  Because  the  literature 
values  for  dn/dT  are  so  small  (on  the  order  of  lO'VC),  room  temperature  data  for  the 
refractive  indices  of  sapphire  were  used  at  all  temperatures.  For  the  Pt-coated  silicon 
substrates,  ellipsomeiric  spectra  were  collected  for  the  bare  substrate,  and  were 
directly  inverted  to  provide  an  effective  dielectric  function  for  the  exposed  metal. 
Modelling  of  the  data  for  these  substrates  showed  that  the  surfaces  consisted  of  roughened 
platinum.  Unfortunately,  the  degree  of  roughness  was  found  to  change  as  the  substrates 
were  heated,  so  there  is  considerable  residual  uncertainty  in  the  effective  dielectric 
functions  for  the  Pt-coated  silicon  substrates. 

For  the  modelling,  the  data  sets  were  truncated  to  between  400  and  800  nm  in 
order  to  eliminate  the  onset  of  the  absorption  edge  in  PZT.  Output  from  the  fitting 
program  included  values  for  the  "best-fit"  parameters,  90%  confidence  limits  for  each 
variable,  a  correlation  coefficient  matrix  describing  the  interrelatedness  between 
variables,  the  unbiased  estimator,  a  [4],  of  the  goodness  of  fit,  and  calculated  A  and  'F 

spectra  for  the  final  model.  All  of  these  factors  were  examined  to  determine  the 
appropriateness  of  a  given  model. 

With  the  exception  of  the  films  on  (0001)  sapphire,  all  of  the  fitting  was  done 
assuming  that  both  film  and  substrate  could  be  treated  as  isotropic  materials.  The 
routine  which  handled  the  propagation  of  light  through  anisotropic  materials  was 
written  by  Parikh  and  Allara  |19]  following  the  4x4  matrix  formalism  of  Yeh 
{20,21).  An  anisotropic  substrate  model  was  not  used  for  the  film  on  (1102)  sapphire 

as  the  angle  between  the  inclined  optic  axis  of  the  alumina  and  the  plane  of  incidence  of 
the  light  could  not  be  determined  accurately. 

Analysis  of  Crystallized  MIBERS  Films  on  Sapphire  and  Pt-coated  Silicon 

Results  from  the  eliipsometric  modelling  of  the  SE  data  for  the  films  annealed  at 
650°C  for  2  hr  are  shown  in  Table  1.  All  of  fhe  films  were  determined  to  be  between 
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400  and  600  nm  thick,  which  is  consistent  with  profilomelry  measurements  on  the 
same  films.  In  most  cases,  a  low  density  inierfacia!  layer  between  the  substrate  and  the 
film  was  essential  to  properly  match  the  peak  heights  in  both  the  A  and  4^  spectra.  In 

addition,  layer  of  surface  roughness  improved  the  fit  for  some  films.  As  seen  in  Figure  5, 
the  final  fits  resulted  in  very  good  matches  to  the  experimental  data. 

The  high  refractive  indices  obtained  for  the  middle  layer  of  the  films  suggest  that 
this  region  is  reasonably  dense.  Figure  6  shows  the  modelled  refractive  indices  for 
several  films  on  sapphire  (determined  with  A(2)  from  eq.  1  assigned  to  zero)  in 
comparison  with  reference  data  for  2/65/35  and  16/40/60  PLZT  ceramics  [22].  As 
the  refractive  index  of  PLZT  ceramics  is  largely  controlled  by  the  Zr/Ti  ratio  [22],  the 
film  on  (0001)  sapphire  in  particular  shows  excellent  agreement  with  the  values  which 
would  be  expected  for  a  dense  P2T  50/50  material.  The  lower  n  values  for  the  films  on 
(  1102)  sapphire  could  be  due  either  to  the  presence  of  residual  porosity  distributed 

throughout  the  densest  portion  of  the  film  or  the  assumption  of  isotropic  behavior  for 
both  the  film  and  the  substrate.  When  these  films  were  modelled  with  reference  data 
from  the  film  on  (0001)  sapphire,  5.7%  additional  residual  porosity  was  required  in 
each  layer  of  the  film  to  fit  the  experimental  data. 

Unless  the  restriction  A(2)  *=  0  was  imposed  during  the  fitting,  however,  finite 
values  for  the  imaginary  part  of  the  refractive  index  in  the  films  were  obtained  in  the  SE 
modelling.  In  part,  the  larger  k  values  may  reflect  the  fact  that  transparency  in  lead- 
based  perovskites  decreases  as  the  lanthanum  content  is  reduced.  The  opacity  of  dense, 
bulk  PZT  ceramics  has  been  attributed  to  light  scattering  at  refractive  index 
discontinuities  such  as  domain  walls  and  grain  boundaries  consisting  of  a  second  phase 
[23].  It  is  likely  that  the  same  mechanisms  are  present  in  the  films.  In  addition,  there 
are  probably  "microstruclural"  contributions  to  the  effective  k  which  arise  from 
inhomogeneities  in  the  film  not  accounted  for  in  the  modelling  (i.e.  scattering  from 
distributed  porosity  in  the  bulk  of  the  film,  the  presence  of  a  lossy  layer  associated  with 
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either  space  charge  formation  or  lead  loss  during  firing,  or  the  presence  of  additional 
porosity  in  the  film  not  properly  accounted  for  in  the  modelling).  It  was  also  found  that 
a  non-zero  value  of  A(2)  resulted  in  an  increase  in  the  dispersion  found  tor  the  film 
refractive  indices  and  a  somewhat  improved  fit  for  the  SE  data  on  the  films.  The  reason 
for  this  additional  dispersion  is  unknown.  The  values  reported  in  Table  1  are  for  fils 
with  a  non-zero  A{2).  Because  of  the  uncertainties  in  the  optical  properties  of  the  Pt- 
coaled  silicon  substrates,  if  was  not  possible  to  determine  the  exact  refractive  indices 
for  PZT  films  on  such  substrates. 

Figure  7  shows  a  comparison  of  the  ex-situ  annealed  PZT  films  on  Pt-coated  Si 
and  (0001)  sapphire  substrates.  Both  are  densest  throughout  the  bulk  of  the  films,  with 
low  density  layers  near  the  substrate  and  some  surface  roughness.  This  type  of  depth 
profile  is  common  in  films  with  a  columnar  or  cluster  morphology  (24).  It  is  also 
consistent  with  SEM  observations  on  the  same  films  [2|. 

For  the  same  annealing  conditions,  films  on  Pt-coated  silicon  possess  a  much 
thicker  surface  roughness  layer  than  those  on  sapphire.  That  could  be  a  result  either  of 
the  higher  degree  of  roughness  of  the  sputtered  Pi  substrate  or  the  higher  initial  PbO 
content  in  the  film  on  platinum.  As  discussed  by  Yang  et  al.  [25],  the  roughness  of  a  film 
with  a  columnar  microstructure  is  dependent  on  the  smoothness  of  the  substrate:  with 
rougher  substrates  leading  to  rougher  films.  Fox  et  al.  [3]  also  suggest  that 
crystallization  of  the  perovskite  phase  and  PbO  vaporization  are  important  in 
determining  the  microslruclural  features  of  annealed  lead  lanthanum  titanafe  films. 

.Evp.luUgj?  Qf  S.t.ryclvire  .Diirinq.//i-g/rt/-An..n.eaJln..q 

Films  deposited  at  room  temperature  on  (1102)  sapphire  and  Pt-coated  Si 

substrates  were  annealed  in-situ  in  the  ellipsometer  to  determine  whether  the 
inhomogeneities  seen  in  films  crystallized  conventionally  were  created  during  the 
deposition,  or  whether  they  were  generated  during  the  annealing.  For  these  studies, 


sapphire  substrates  were  preferable  as  all  changes  in  the  spectra  with  temperature 
could  be  attributed  unambiguously  to  the  film.  For  the  films  on  Pt-coated  silicon, 
temperature-dependent  changes  in  the  effective  substrate  optical  properties  obscured 
interpretation  of  the  SE  data.  Nevertheless,  the  results  for  the  film  on  Pt-coated  silicon 
seem  consistent  with  those  reported  for  the  sapphire  substrates. 

Figure  8  shows  the  ellipsometric  spectra  collected  during  the  annealing  of  the 
film  on  sapphire.  The  data  can  visually  be  divided  into  three  regimes.  At  low 
temperatures  the  interference  oscillations  are  damped  strongly  at  short  wavelengths.  As 
shown  in  Figure  9.  however,  this  additional  damping  disappears  between  450°  and 
500°C.  Little  change  occurs  from  this  temperature  until  600°C,  which  appears  to  mark 
a  traiir.ilion  bulwfMjii  Uk!  :.(.'cuit(J  ami  lliitd  imjions.  Ilio  lallui,  as  illusliatud  wllli  Ihu  dalu 
after  the  650°C  anneal,  is  characterized  by  higher  values  (See  Fig.  8). 

It  was  not  possible  to  model  the  full  spectra  at  low  temperatures  with  a  single 
oscillator,  as  that  did  not  mimic  the  abrupt  decrease  in  damping  below  SOOnm.  A  much 
better  fit  could  be  achieved  by  mixing  the  contribution  of  the  oscillator  with  reference 
data  for  rf  sputtered  lead  oxide  {26J.  For  all  low  temperature  data,  reference  data  for  rf 
sputtered  PbO  provided  a  better  fit  than  did  data  for  evaporated  PbO,  largely  because  the 
band  gap  was  shifted  0.6  eV  lower  in  energy.  No  explanation  for  the  disparity  in  the 
dielectric  functions  of  the  two  was  given  by  Harris  et  al.  (261.  though  one  possibility 
would  be  the  presence  of  mixed  valence  states  in  the  sputtered  Pb  (27].  Fits  to  as- 
deposited  films  on  sapphire  substrates  were  not  improved  significantly  by  the  addition  of 
surface  roughness  or  a  gradient  in  the  PbO  content  to  the  model.  Due  to  the  strong 
correlation  between  the  void  volume  fraction  and  the  PbO  content,  it  was  not  possible  to 
achieve  reproducible  fits  with  low  density  regions  near  the  film- substrate  interface.  No 
evidence  for  low  density  regions  near  the  substrate  were  found  in  Fox's  work  on  as- 
deposited  MISERS  lead  lanthanum  titanate  films  (3). 


The  volume  fraction  of  PbO  remained  approximately  constant  at  lower 
temperatures,  but  beginning  at  450°C,  successively  less  PbO  was  required  to  match  the 
ellipsomelric  spectra.  Figure  10  shows  the  best-fit  models  for  450  and  SOO^C;  the 
modelling  is  improved  by  allowing  the  lead  "loss"  to  begin  at  the  film  surface  and  move 
progressively  through  the  film  thickness.  Over  the  same  temperature  range,  the  film 
changed  from  an  orange  color  to  pale  yellow. 

Two  possibilities  would  account  for  these  changes.  First,  following  composition 
analysis  of  as-deposited  and  annealed  films,  Fox  et  al.  [3]  concluded  that  as-deposited 
MIBERS  lead  lanthanum  litanate  thir^  films  contain  excess  PbO  which  is  removed  during 
high  temperature  annealing.  Comparable  results  were  obtained  on  PZT  films  [2].  The 
onset  lempe'’3tu.''e  at  which  this  was  projected  to  occur  was  490  ±  50°C  (3j.  While  this 
temperature  is  lower  than  that  reported  for  PbO  loss  from  bulk  PbTiOa  samples  [28],  if 
is  in  good  agreement  with  the  SE  experiments.  Secondly,  the  lead  oxide  could  at  *450'’C 
revert  to  a  less  lossy  species.  Thus,  the  increase  in  transparency  at  low  wavelengths 
could  be  associated  either  with  a  homogenization  of  the  lead  oxidation  state  or  with  the 
incorporation  of  the  lead  species  in  to  a  more  transparent  phase  (like  that  of  evaporated 
PbO,  the  perovskite,  or  a  pyrochlore  phase).  It  is  not  possible  to  distinguish  between 
these  two  mechanisms  on  the  basis  of  the  SE  data  and  both  may  be  operative.  Similarly, 
although  it  is  likely  that  a  pyrochlore  phase  was  formed  during  these  lower  temperature 
anneals  (at  least  for  the  film  on  Pt-coated  Si),  this  could  not  be  unamibiguously 
identified  on  the  basis  of  the  SE  modelling. 

At  550®C  the  experimental  data  were  fit  well  with  a  two  layer  model  consisting  of 
a  "dense"  underlayer  with  a  thin  layer  of  surface  roughness.  As  shown  in  Figure  11,  the 
extent  of  the  inhomogeneities  becomes  more  pronounced  for  anneals  above  SSO^C.  In 
contrast  to  the  samples  annealed  only  at  650®C  for  2  hrs  (i.e.  those  not  exposed  to 
extended  periods  at  intermediate  temperatures),  no  low-density  layer  near  the 
film/substrate  interface  was  required  to  model  the  ellipsomelric  spectra. 


Between  the  500  and  550®C  anneals,  the  film  retractive  index  also  increased 
markedly  (see  Figure  12).  This  is  most  likely  associated  with  the  crystallization  of  the 
perovskite  phase.  X-ray  diffraction  patterns  following  the  600  and  650®C  anneals 
confirmed  that  the  films  on  sapphire  had  converted  to  the  perovskite  structure  with  a 
very  high  degree  of  <11 0>  orientation.  Figure  12  also  shows  that  the  refractive  index 
remains  reasonably  constant  for  all  fils  above  550°C:  there  is  a  slight  drop  at  650''C 
(not  shown)  that  is  probably  associated  with  the  fact  that  the  "dense"  bottom  layer  of  the 
PZT  contains  some  residual  porosity.  In  summary,  Figure  13  shows  the  proposed 
reaction  scheme  for  changes  occurring  during  the  annealing  of  a  MISERS  film  deposited 
at  room  temperature. 

Role  of  Annealing  Profile  in  Controlling  Inhomogeneities  in  MIBERS  Films 
In  comparing  the  microstructures  of  films  annealed  in  different  ways,  it  is  clear 
that  while  the  inhomogeneity  profiles  are  consistent  for  samples  given  identical 
annealing  schedules,  they  are  strongly  dependent  on  variations  in  the  heating  cycle.  This 
is  apparent  in  Figure  14,  which  shows  the  SE-determined  depth  profiles  for  films 
annealed  at  BSO’C  for  2  hrs  with  and  without  extended  lower  temperature  soaks.  It  is 
interesting  that  for  samples  annealed  in-situ  in  the  ellipsometer  the  major  changes  in 
the  film  inhomogeneities  were  coincident  with  the  crystallization  of  the  perovskite 
phase.  This  suggests  that  while  the  initial  microstructure  of  a  vapor-deposited  film  is 
controlled  by  factors  such  as  substrate  temperature,  gas  pressure,  and  adatom  mobility 
[29],  the  final  appearance  is  also  a  function  of  any  post-deposition  processes  involving 
diffusion.  Thus,  in  ferroelectric  films  elimination  of  excess  PbO,  reaction  with  the 
substrate,  crystallization  of  either  the  pyrochlore  or  perovskite  phases,  and  grain 
growth  could  successively  alter  the  film  microstructure.  Additional  support  for  this 
hypothesis  is  given  by  Fox  et  al.  [3],  who  used  scanning  electron  microscopy  to  follow 
the  microstructural  evolution  of  MIBERS  lead  lanthanum  titanate  films. 


It  is  demonstrated  in  the  following  section  that  inhomogeneities  in  the 
licrostructure,  especially  those  associated  with  low  density  regions,  alter  the  net 
coercive  field,  dielectric  constant  and  remanent  polarization  of  ferroelectric  films. 

Given  the  dependence  of  the  microstructure  on  the  details  of  the  post-deposition 
annealing  profile  observed  here,  it  is  clear  that  two  films  of  the  same  composition, 
crystal  structure,  and  thickness,  which  were  annealed  at  the  same  peak  temperature, 
could  nevertheless  still  possess  considerably  different  electrical  properties. 
Consequently,  post-deposition  annealing  should  be  considered  an  important  variable  in 
both  the  microstructure  and  property  development  of  ferroelectric  films. 

It  is  also  clear  that  the  reasons  for  the  discrepancies  between  the  properties  of 
the  two  films  in  Figure  14  would  not  be  detected  by  X-ray  diffraction.  This  clearly 
establishes  the  need  for  microstructure-sensitive  characterization  techniques  in  the 
study  of  ferroelectric  films  for  device  applications.  Both  spectroscopic  ellipsometry  and 
electron  microscopy  should  be  useful  in  this  regard. 


Some  ferroelectric  films  grown  with  the  MIBERS  technique  possess  low  density 
regions  near  the  film/substrate  interface  which  are  consistent  with  the  appearance  of 
either  clustering  or  columns  in  the  annealed  film.  Such  a  low  density  layer  should  be 
expected  to  alter  the  net  electrical  properlie.s  of  the  film.  Indications  of  this  ran  he  seen 
experimentally  in  the  hysteresis  loop  of  a  film  which  was  shown  to  have  an 
inhomogeneous  depth  profile  by  spectroscopic  ellipsometry.  The  coercive  field  and  net 
dielectric  constant  of  the  film  was  75  kV/cm  and  -850,  respectively.  By  contrast,  a 
homogeneous  film  of  the  same  composition  and  the  same  grain  size  (chemically 
prepared)  had  a  lower  coercive  field  (-40  kV/cm)  and  a  higher  net  dielectric  constant. 
Both  films  have  higher  Ec  values  than  would  be  expected  for  bulk  ceramics  of  the  same 
composition,  probably  as  a  result,  in  part,  of  the  fine  grain  size  of  the  films  and  stress 


exerted  on  the  film  by  the  substrate  [30].  Nevertheless,  the  inhomogeneous  vapor- 
deposited  lilms  possess  a  higher  coercive  field  and  a  more  severe  tilt  to  the  "verlicar 
sides  of  the  loop  than  do  the  homogeneous  films.  An  attempt  was  made  to  model  the 
hysteresis  loop  of  the  films  to  determine  whether  these  differences  could  be  attributed  to 
the  ellipsometrically  characterized  inhomogeneities. 

To  model  the  effect  that  embedded  porosity  of  this  type  would  have  on  the  apparent 
electrical  properties  of  the  film,  the  following  approximation  was  considered.  If  a 
representation  of  a  columnar  microstructure  is  subdivided  into  elements  vertically, 
then  most  segments  contain  dense  PZT  in  series  with  a  low  dielectric  constant  layer  (see 
Fig.  15).  It  is  assumed  here  that  the  upper  electrode  is  conformal,  so  that  the  surface 
roughness  does  not  strongly  influence  the  net  electrical  properties  of  the  film.  Given 
these  conditions,  the  net  capacitance  of  one  element  can  be  expressed  as 

C  “ 

where  ei  and  £2  denote  ttie  dielectric  constants  of  the  dense  and  the  defective  regions 
respectively,  d  is  the  total  film  thickness,  and  x  is  the  thicknc^6  of  the  low  density 
material.  For  this  geometry, the  ratio  of  the  actual  coercive  fieid  of  the  dense  PZT  to  the 
apparent  coercive  field  of  the  element  is 
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It  is  also  assumed  that  there  are  no  forces  (such  as  stress)  acting  to  depole  the  film. 
While  some  depolarization  will  occur  in  actual  samples,  tilting  the  lines  bounding  the 
lop  and  bottom  of  the  hysteresis  loops,  that  will  not  alter  the  basic  conclusions  of  this 
argument. 

In  vapor-deposited  materials,  the  dielectric  constant  and  the  thickness  of  the 
defective  material  would  be  expected  to  vary  locally  as  nuclealion  and  growth 
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commenced,  leading  to  a  distribution  in  the  capacitances  and  coercive  fields  of  the 
different  subelements.  The  absence  of  a  well-defined  coercive  field,  in  turn,  leads  to  a 
loss  in  the  squareness  of  the  hysteresis  loop,  which  is  one  of  the  desired  attributes  for 
the  model.  As  a  first  approximation,  the  dielectric  consfanf  and  coercive  field  for  the 
dense  fine-grained  PZT  were  assigned  the  values  from  the  sol-gel  film,  i.e.  =  1300, 

and  Ec(i)  =  40kV/cm  [31].  To  mimin  the  slope  of  the  sides  of  the  hysteresis  loop  for  a 
600  nm  thick  MISERS  film,  the  coercive  fields  for  the  elements  were  divided  into  equal 
steps  between  40  and  llOkV.'cm.  This  gives  the  right  slope  and  correctly  predicts  the 
average  value  for  Ec  {~75kV/cm).  The  shape  of  the  derived  hysteresis  loop  is  also  iri 
reasonable  agreement  with  the  experimental  data. 

To  further  check  the  validity  of  this  model,  the  net  dielectric  constant  for  a  film 
600  nm  thick  with  a  60  nm  thick  low  density  layer  near  the  substrate  was  also 
calculated  using  a  parallel  model  to  average  the  capacitance  of  the  individual  vertical 
elements.  The  coercive  field  distribution  described  above  requires  dielectric  constant 
values  for  the  bottom  layer  to  vary  between  70  and  1300.  This  leads  to  a  net  dielectric 
constant  for  the  film  of  770,  reasonably  close  to  the  experimentally  observed  value  of 
-850  [2|.  The  volume  fraction  of  air  in  the  bottom  layer  of  each  element  needed  to  cause 
the  assumed  coercive  field  distribution  was  also  calculated  using  the  logarithmic  and 
series  approximations  for  the  dielectric  constant  of  a  composite.  These  values  bracket 
the  average  volume  fraction  of  air  derived  from  the  SE  determination.  This  is  also 
reasonable.  Consequently,  this  model  provides  a  good  approximation  for  the  o^'served 
electrical  properties  of  some  types  of  inhomogeneous  ferroelectric  films.  In  all  cases 
heterogeneities  within  the  film  should  be  expected  to  increase  the  coercive  field  value. 
When  a  distribution  of  coercive  fields  is  present,  the  hysteresis  loop  should  be  both 
significantly  broadened  and  tilted  to  the  right,  as  is  generally  observed  in  reported  data 


on  ferroelectric  thin  films. 


Moreover,  depending  on  the  distribution  of  porosity  in  the  film,  the  coercive 


field  of  some  regions  could  be  so  high  as  to  make  them  practically  t  switchable, 
lowering  the  apparent  polarization  for  the  film.  Thus  it  is  possible  that  a  film  of  well- 
crysfaflized  ferroelectric  could  display  apparent  remanent  polarizations  significantly 
below  that  expected  for  the  bulk  ceramic  material.  This  would  occur  despite  the  fact  that 
if  the  film  could  be  fully  switched,  the  remanent  polarization  would  be  99.2%  of  the 
bulk  value  for  the  case  where  the  bottom  60  nm  (of  a  film  600  nm  thick)  was,  on 
average,  92%  dense. 

Finally,  defective  regions  in  the  film  could  serve  as  pinning  sites  for  domain  wall 
motion.  This,  in  turn,  could  influence  both  aging  and  fatigue  in  ferroelectric  films. 
Consequently,  deposition  techniques  which  facilitate  production  of  films  which  are 
highly  homogeneous,  in  addition  to  being  highly  crystalline,  may  be  essential  in  the 
preparation  of  optimized  films  for  device  applications. 

It  is  clear  from  the  above  discussion  that  inhomogeneities  in  the  microsfructure 
can  significantly  affect  the  observed  low  and  high  field  electrical  properties  of 
ferroelectric  films.  This  explains  much  of  the  variability  reported  in  the  literature  for 
these  properties.  As  the  degree  and  types  of  inhomogeneities  present  in  the  film  are 
controlled  by  the  preparation  conditions,  it  is  not  surprising  that  films  prepared  under 
different  conditions  display  widely  disparate  dielectric  constants  and  hysteresis  loops. 
However,  the  role  of  inhomogeneities  has  often  been  ignored.  For  vapor  deposited  films, 
low-energy  ion  bombardment  during  growth  and  rapid  thermal  annealing  have  been 
shown  to  be  useful  in  improving  the  film  microsfructure  [32,33], 

Pole  of  Inhomogeneities  on  Apparent  Size  Effects  in  Ferroelectric  Filmrs 

Any  film  which  contains  low  density  regions  near  the  substrate  should  also  be 
expected  to  display  marked  extrinsic  size  effects.  Thus,  for  the  films  discussed  above, 
ana  for  other  vapor-deposited  films  grown  under  low  adatom  mobility  conditions,  as  the 


total  film  thickness  is  decreased,  the  defective  layer  contributes  a  larger  traction  to  the 
overall  properties,  and  the  observed  properties  demonstrate  an  extrinsic  dependence  on 
film  thickness. 

Consider,  for  example,  the  simplified  model  for  the  MISERS  film  discussed  in  the 
previous  section,  where  the  first  60  nm  of  perovskite  has  a  lower  density  than  the 
remainder  of  the  film.  As  before,  the  dielectric  constant  of  the  defective  region  will  be 
distributed  between  70  and  1300,  so  that  the  hysteresis  loop  of  the  film  has  the  proper 
shape.  If  this  initial  layer  is  kept  constant  while  the  total  film  thickness  of  the  film  is 
varied,  then  the  hysteresis  loops  become  progressively  broader  and  more  filled  as  d  is 
decreased  (see  Fig.  16).  At  the  same  time,  the  net  dielectric  constant  drops  off 
markedly,  even  though  e  for  the  solid  phase  is  assumed  to  remain  unchanged.  Thus,  an 

infinitely  thick  film  would  be  essentially  undisturbed  by  the  anomalous  layer,  and  would 
have  a  well-defined  coercive  field  and  dielectric  constant  equivalent  to  the  values  for  a 
bulk,  fine-grained  ceramic.  For  thinner  films,  however,  both  e  and  Ec  diverge  from  the 

bulk  values.  The  decrease  in  dielectric  constant  for  thinner  films  shown  in  Figure  16  is 
also  in  agreement  with  a  variety  of  experimental  studies  [31,34]. 

Figure  16a  is  drawn  with  even  the  thinnest  films  showing  the  maximum  value 
for  the  remanent  polarization.  If  the  low  density  layer  is,  on  average,  92%  dense  (i.e. 
the  ellipsometrically  determined  value),  this  is  a  good  approximation,  even  for  the  100 
nm  thick  film,  since  the  effective  remanent  polarization  is  calculated  to  be  95.2%  of  the 
bulk  value.  As  the  film  thickness  increases,  the  maximum  Pr  value  rapidly  approaches 
100%  of  the  bulk  value.  However,  this  marks  the  limiting  value  for  Pr  assuming  that 
full  switching  of  the  film  could  be  achieved.  In  practice,  it  is  more  likely  that  given  the 
presence  of  high  local  coercive  fields  in  the  thinner  films,  some  areas  of  the  film  would 
become  unswitchable,  and  the  measured  remanent  polarization  would  be  lowered. 

The  sensitive  dependence  of  the  apparent  size  effects  on  the  initial  stages  of  the 
film  microsfruclure  would  also  explain  why  films  prepared  under  different  conditions 


demonstrate  different  properties  as  a  function  of  thickness.  Spectroscopic  ellipsometry 
offers  one  means  through  which  depth  profiles  of  inhomogeneities  in  thin  film  samples 
can  be  characterized  non-destructively,  and  so  should  be  useful  in  resolving  many  of  the 
residual  questions  about  slructure-microstructure-property  relationships  in 
ferroelectric  films. 

Conclusions 

It  has  been  shown  that  spectroscopic  ellipsometry  can  be  utilized  to  characterize 
the  microstructural  inhomogeneities  in  ferroelectric  thin  films.  Some  degree  of 
inhomogeneity  (in  the  form  of  low  density  layers  or  surface  roughness)  was  found  in 
each  of  the  films  examined;  in  all  cases  these  were  more  important  in  modelling  the 
ellipsometric  spectra  than  were  intrinsic  changes  in  the  properties  of  the  ferroelectric 
phase  as  a  function  of  film  thickness.  The  presence  of  microstructural  inhomogeneities 
is  not  necessarily  linked  to  the  existence  of  a  poorly  crystallized  film.  As  a  result, 
well-crystallized,  and  even  well-oriented  films  can  display  poor  microstructures. 

A  model  was  developed  to  approximate  the  effect  that  such  local  density  variations 
should  have  on  the  net  electrical  properties  of  an  otherwise  perfect  film.  Depending  on 
the  configuration  of  the  embedded  porosity,  it  was  demonstrated  that  microstructural 
inhomogeneities  can  profoundly  alter  the  dielectric  constant,  coercive  field,  and 
remanent  polarization  of  ferroelectric  films.  Effects  of  this  type  are  expected  to  be 
especially  pronounced  in  vapor-deposited  films  with  ctJlumnar  or  cluster 
microslructures  and  low  density  sol-gel  films.  Therefore,  optimization  of  processing 
conditions  to  produce  dense,  homogeneous  microstructures  will  be  critical  in  the 
development  of  high  quality  devices. 

Due  to  the  relationship  between  the  film  microstructure  and  the  net  electrical 
properties,  any  systematic  variations  in  the  density  with  film  thickness,  like  those 
associated  with  columnar  growth,  will  cause  changes  in  the  net  film  properties  as  a 
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function  of  thickness.  This  mechanism  is  expected  to  be  responsible  for  the  majority  of 
apparent  size  effects  reported  in  the  literature.  Consequently,  in  examining  the 
properties  of  ferroelectric  films,  and  especially  in  considering  the  variation  in 
properties  with  film  thickness,  it  is  imperative  that  some  microstructure-sensitive 
technique,  such  as  microscopy  or  spectroscopic  ellipsometry,  be  utilized. 

It  has  also  been  demonstrated  that  spectroscopic  ellipsometry  can  track  the 
evolution  of  crystallinity  and  structural  inhomogeneity  during  annealing  of  as-deposited 
MIBERS  films.  One  of  the  advantages  of  performing  these  studies  on  transparent 
materials  is  that  the  entire  depth  of  the  film  can  be  sampled  (and  characterized)  at  once. 
In  this  work,  crystallization  of  the  perovskite  phase  was  shown  to  be  largely  complete 
after  half  an  hour  at  SSO^C  for  MIBERS  films  on  sapphire  substrates.  For  the  prolonged 
heating  cycles  utilized  during  in-situ  annealing  of  the  ferroelectric  films,  roughening 
of  the  film  surface  was  coincident  with  this  crystallization,  and  can  probably  be 
attributed  to  the  growth  of  crystal  nuclei.  In  addition,  lower  temperature  phenomena 
like  changes  in  the  lead  species  present  could  be  identified. 

It  was  found  that  the  final  microstructures  of  MIBERS  PZT  films  is  dependent  on 
the  details  of  the  annealing  process.  Thus,  while  the  depth  profile  of  film 
inhomogeneities  was  consistent  for  films  given  the  same  annealing  schedule,  changes  in 
the  annealing  resulted  in  considerable  modification  of  the  final  density  distribution. 

Even  films  annealed  at  the  same  peak  temperature,  but  which  were  exposed  to 
intermediate  temperatures  for  different  lengtiis  of  time  displayed  this  type  of  behavior. 
Consequently,  while  the  final  film  microstructure  will  be  influenced  by  the  as-deposited 
state,  it  will  not  necessarily  be  controlled  only  by  the  deposition  parameters. 

This  has  several  important  consequences  in  terms  of  processing  ferroelectric 
films  for  device  applications.  First,  the  post-deposition  annealittg  schedule  can  l)o  as 
important  as  the  deposition  conditions  in  controlling  the  film  microstructure,  and  thus 
the  film  properties.  Second,  evaluation  of  annealing  schedules  should  be  conducted  in 


light  of  structural  information  for  the  film  (i.e.  from  microscopy  or  spectroscopic 
ellipsometry)  in  addition  to  X-ray  diffraction  information.  Third,  as  the  net  electrical 
properties  depend  on  the  inhomogeneilies  present  in  the  film,  some  limited  property 
tuning  may  be  possible  given  proper  control  of  the  annealing  process.  In  particular, 
porosity  profiles  could  be  tailored  to  permit  control  or  grading  of  the  film  properties 
(i.e.  slruclLiral  or  optical)  through  the  thickness.  One  area  in  ceramic  materials  in 
which  this  type  of  control  might  be  interesting  is  in  the  preparation  of  functionally 
gradient  materials  or  in  ceramic  membranes. 
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List  of  Figures 

Fig.  1:  X-ray  diffraction  patterns  of  the  PZT  films  on  (a)  (1102)  sapphire  and 
(b)  Pt-coated  Si.  Films  were  annealed  at  650“C  for  2  hours. 

Fig.  2:  Schematic  of  the  rotating  analyzer  ellipsomeier  utilized  in  this  work. 

Fig.  3:  Comparison  of  uncorrected  and  corrected  SE  data  for  vitreous  silica. 

Fig.  4:  Electrical  resistance  furnace  and  sample  mount  (a)  Side  view,  (b)  Top  view  of 
the  baseplate  and  sample  holder.  The  entire  baseplate  can  be  translated  along  y 
and  rotated  about  z  to  permit  alignment  of  the  sample  at  any  temperature. 

Rotation  of  the  sample  about  the  x  axis  was  performed  with  the  worm  gear  and 
screw  shown  in  the  figure.  This  could  also  be  adjusted  at  any  temperature. 

Fig.  5:  Fit  to  the  film  on  (0001)  sapphire. 

Fig.  6:  Comparison  between  the  refractive  index  of  PZT  films  and  PLZT  ceramics.  (Note: 
Thacher  has  demonstrated  that  the  refractive  index  of  PLZT  ceramics  is  largely 
controlled  by  the  Zr/Ti  ratio  (22].  Consequently,  the  film  refractive  indices 
should  fall  between  those  for  the  2/65/35  and  16/40/60  PLZT  ceramics). 

Fig.  7:  Depth  profile  of  the  inhomogeneities  in  films  deposited  on  (a)  Pt-coated  silicon 
and  (b)  (0001)  sapphire. 

Fig.  8:  SE  data  for  the  in-silu  annealing  of  a  film  on  sapphire. 

Fig.  9:  Annealing  of  a  film  showing  a  decrease  in  the  high  energy  damping  at  500°C.  The 
lower  temperature  data  was  very  dose  to  that  shown  for  450®C. 

Fig.  10:  Best  fit  models  for  intermediate  temperature  anneals  of  an  as-deposited  film  on 
sapphire.  Note  that  the  refractive  index  of  the  "a-PZT"  changed  with  annealing 
temperature  as  shown  in  Fig.  12. 

Fig.  11:  Evolution  of  microstructure  with  temperature  during  high  temperature  in-sHu 
annealing  of  an  as-deposited  film  on  sapphire.  Note  that  the  refractive  index  of 
the  "PZT"  material  in  the  film  changed  continuously  during  these  anneals  as 


shown  in  Fig.  12.  These  changes  are  probably  associated  with  the  crystallization 
of  the  perovskite  phase. 

Fig.  12:  Refractive  index  of  an  as-deposited  film  on  sapphire  as  a  function  of  annealing 
temperature. 

Fig.  13:  Reaction  scheme  for  the  in-sHu  annealing  of  a  P2!T  film  on  sapphire  (Note  that 
as  a  pyrochlore  phase  could  not  be  identified  from  the  SE  data  alone,  it  is  not 
shown  on  the  reaction  scheme.  It  is  possible,  however,  that  pyrochlore  phase 
formation  is  concurrent  with  the  removal  of  the  lossy  lead  oxide  phase). 

Fig.  14:  Final  microstructures  of  films  on  sapphire  annealed  at  650°C  (a)  with  and  (b) 
without  extended  annealing  at  lower  temperatures.  The  annealing  profile  shown 
for  (b)  is  simplified. 

Fig.  15:  Geometry  used  for  modelling  the  effect  of  inhomogeneities  on  the  electrical 
properties  of  an  inhomogeneous  ferroelectric  film,  (a)  A  two-dimensional 
representation  of  columnar  growth  subdivided  vertically,  (b)  One  element  of 
the  above  structure. 

Fig.  16:  The  effects  of  a  60  nm  thick  low  density  layer  near  the  substrate  on  the 

electrical  properties  of  P2T  thin  films,  (a)  Variation  in  the  hysteresis  loop  with 
the  total  film  thickness,  (b)  Variation  of  the  dielectric  constant  anu  the  coercive 
field  with  film  thickness.  Limiting  values  are  e  »  1300  and  Ec  «=  40  kV/cm  for  a 

homogeneous  fine-grained  film  on  a  Pt-coated  Si  substrate. 
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